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In the past three decades, studies on the mechanisms of interface shear in a variety 
of geotechnical problems have drawn significant attention. In response to the urgent need 
in understanding the shear behavior at particulate-continuum interfaces, several 
experimental and numerical studies on the effects of interface properties and loading 
conditions have been conducted at the Georgia Institute of Technology. To expand these 
studies, the current research focuses on developing numerical tools to study the response 
of interface systems under pre-sheared soil conditions. In particular, how does cone 
penetration affect the shear behavior at soil-penetrometer interface will be investigated in 
the current study.  
To comprehensively understand the interface behavior, the properties of the 
contacting components—soil and continuum surface—shall be extensively studied. 
Inherited from the novel design of the multi-friction attachment (MFA), the surface 
roughness of the continuum surface in the numerical simulations is controlled by varying 
the height of the textured elements on the surface. On the other hand, simulating exact 
particle shape is challenging and requires enormous computation power that is not easily 
accessible. Thus, a study on angle of repose was conducted and the results were used to 
calibrate a rolling resistance coefficient that not only quantifies the shape effects of the 
simulated particles but also reduces the computation complexity. Having these two 
components studied, three different DEM models were developed and studied.  
A 2D model of the MFA penetration chamber test was implemented to account for 
the disturbance of tip insertion on the interpretation of interface shear behavior at multiple 
 
 xxvi 
scales. With proper adjustments, the shear zone during axial penetration was characterized 
and the disparity of microscale interfacial response under disturbed and in-situ soil 
conditions was evaluated. In addition, by substituting the MFA penetrometer with any 
other in-situ tools, the current model can serve as a tool to evaluate the insertion disturbance 
of other devices. 
After the insertion disturbance has been induced, the stress state and local void ratio 
near the penetrometer was extracted and used to initialize a 2D model of a textured sleeve 
during a torsional shear test. Facilitated by the technique of serial sectioning, interface 
shear behavior resulting from axial penetration disturbance and torsional shear loading was 
investigated at various penetration intervals. Together with the simulation of vertical 
penetration, spatial structures of the studied specimen in a pseudo 3D domain can be 
reconstructed. In this manner, with less computational cost than a real 3D model, detailed 
spatial interface shear behavior resulting from both axial and torsional shearing was 
obtained.  
Finally, a 3D DEM model with the ability to apply both axial and torsional shear 
loadings to the interface between continuum surface and soil particles was developed. The 
3D model overcomes the drawbacks of the previous 2D models: 1) Each of these 2D 
models can only model the interface shearing under either axial or torsional loading 
condition; and 2) The spatial interactions on particle level in real-time are lacking in the 
2D models. The results gained from the current 3D model were found to accurately 
describe many aspects of the observations of the laboratory tests, some of the microscale 
mechanisms at interfaces were obscured since the particle size has been enlarged by a factor 
of 5 in the simulation on account of the computational limitations. 
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CHAPTER 1.  INTRODUCTION 
1.1 Motivation for Study  
In early research, geotechnical engineers devoted most of their efforts to the 
quantification of global macro-scale soil properties to achieve site characterizations and 
foundation designs. Instead of relying on theories, site characterizations and foundation 
designs are often based on empirical equations for specific sites or from calibration 
chamber tests along with large safety factors. However, in the last several decades, more 
and more researchers have realized that interface behavior plays a key role in almost all 
geotechnical construction. Table 1.1 presents the importance of interfacial behavior in 
geotechnical engineering applications and tests (DeJong 2001). A large number of 
geotechnical structures such as lining systems, landfills, and leach ponds highly depend on 
the interactions between fabricated geomaterials and soils to meet stability requirements 
and environmentally friendly needs. In addition, the guidance of the design of such 
structures is always based on laboratory and in-situ tests. Among these tests, in-situ tests 
are more popular in industry since they preserve the soil state and are easier to conduct.  
More importantly, widely used in-situ test techniques rely on interface behavior: the 
reading of the standard penetration test (SPT) is controlled by the interface between a split 
tube sampler and soils; sleeve friction recorded in the cone penetration test (CPT) is a direct 
measure of the interplay between the sleeve and the soils.  
Early in-situ site characterization practice only incorporated single reading devices 
as a result of the limitations of fabrication and data collection technique. As technology 
advances, the technical capability and the demand for complex and efficient   
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Table 1.1: The Importance of Interfaces in Geotechnical Engineering (from DeJong 2001). 
Applications Significance Tests Significance 
 Low Medium High  Low Medium High 
Slope Stability    CPT    
Deep Foundation    DMT    
Shallow Foundation    PMT    
Landfills    SPT    
Leach Ponds    Thin-walled sampler    
Micro-Tunneling    Casagrande Dish    
Pavement    Consolidometer    
Gravity Wall    Interface Shear    
Cantilevered Wall    Resonant Column    
Piling Wall    Compaction    
Anchored Wall    Torsional Shear    
Soil-nail Wall    Triaxial    
structures facilitate the development of multi-reading in-situ devices that set the trend for 
future site characterization techniques. In this sense, the Cone Penetration Test (CPT) 
arguably represents the best site-characterization practice to date:  A single push of a CPT 
cone returns a robust set of data—measurements of cone tip resistance 𝑞𝑞𝑡𝑡, sleeve friction 
𝑓𝑓𝑠𝑠, and pore pressure 𝑢𝑢𝑥𝑥  at various locations near the tip or sleeve—that can be utilized to 
investigate soil characteristics such as shear resistance and soil types. However, because of 
the higher complexity and built-in drawbacks of the conventional CPT, industry is still 
struggling to convert from using SPT’s to CPT’s. A major problem of CPT is the 
representation of its measurements:  According to cavity expansion theory, 𝑞𝑞𝑐𝑐  and 𝑢𝑢2 
represent averaged tip resistance and pore-water pressure over a certain amount of soil in 
the plasticity zone, respectively. As a result, the transducers may sense soil properties 
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before reaching a layer of soil. More importantly, as the roughness at the interface between 
soils and the friction sleeve is always low, sleeve friction 𝑓𝑓𝑠𝑠  has a high degree of variability.  
To eliminate these defects of CPT, researchers have enabled the variability of 
interfacial friction between soils and the sleeve by modifying sleeve surface. At the 
Georgia Institute of Technology, DeJong (2001) initiated the multi-sleeve friction 
attachments (MFA) at four distinct locations behind a conventional 15 cm2 CPT cone 
(DeJong 2001; DeJong et al. 2001; DeJong and Frost 2002), in which each of the 
attachments measures the interface resistance between soils and continuum surfaces of 
unique varying roughness. These four additional measurements provide MFA with the 
capability of collecting sleeve friction at distinct measurement depths from one sounding 
of the CPT. Hebeler (2005) continued to modify their multiple sensor devices, the multi-
sleeve piezo-friction attachment (MPFA), by adding dynamic pore pressure sensors along 
with four textured sleeves that simultaneously collect pore water pressures at certain depths 
in the soil in addition to shear resistance measurements (Hebeler 2005). The new pore 
pressure measurements enlarge the toolset for soil clarifications. They also provide 
evidence for shear-induced pore pressure change and flow properties in porous media. 
Moreover, to overcome the absence of lateral direction measurements in MPFA, the most 
recent generation of CPT modification, the multi-sleeve piezo-friction-torsion attachment 
(MPFTA), measures shear resistance between soils and continuum materials in both 
vertical and torsional directions, which is enabled by consecutive rotation and vertical 
advances (Frost and Martinez 2013; Martinez 2015; Martinez and Frost 2017). In this 
manner, MPFA and MPFTA are robust site characterization tools. 
Numerical simulations are convenient alternatives to evaluate the behavior at 
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continuum-particulate interfaces, for the low cost and high reproducibility. Pioneer 
researchers have conducted DEM simulations of CPT in both two-dimensional (2D) and 
three-dimensional (3D) space, but only a few of them paid attention on the interface 
response (Huang and Ma 1994; Jiang et al. 2006; Butlanska et al. 2014). Martinez (2015) 
developed 2D DEM models for small scale laboratory interface shear tests that enable axial 
and torsional shear loading. Good agreement between the laboratory and numerical results 
were observed in his study. This current study extends and complements these previous 
laboratory and numerical studies. In particular, a large scale 2D model for MFA 
penetration, a novel pseudo 3D model for torsional shear, and a 3D model for both axial 
and torsional interface shear tests are developed. Moreover, a thorough parametric study 
on determining a fictitious rolling resistance coefficient in the adopted contact model that 
quantifies particle shape effects is presented. 
Table 1.2: The studies related to interface shear. 
 













Axial and Torsional 
Axisymmetric Shear N/A
Axial and Torsional 
Axisymmetric Shear
Axial and Torsional 
Axisymmetric Shear
In-Situ MFA Device 
Penetration
Chamber Test of 
MFA Penetration
Chamber Test of 
MFA Penetration N/A
In-Situ MPFA Device 
Penetration
Chamber Test of 
MPFA Penetration
Chamber Test of 
MPFA Penetration N/A
Angle of Repose Test N/A Angle of Repose Test N/A
Cyclic Axial Shear Cyclic Axial Shear Cyclic Axial Shear Cyclic Axial Shear









1.2 Outline of the Thesis 
In the past two decades, extensive laboratory, in-situ, and some 2D DEM studies on 
interface shear subjected to both axial and torsional shear loadings were conducted. These 
studies have analyzed macroscale interface response and provided the basis of microscale 
interpretation with an undisturbed soil condition (Table 1.2). The current study extends 
these previous works, with particular focus on quantifying particle rotation in DEM 
simulations, and 2D, 3D, pseudo 3D DEM models for penetrometer insertion and interface 
shear. However, future laboratory and numerical tests subjected to wet soil conditions, 
cyclic and combined loadings will complement the previous and current research. The 
thesis is comprised of eight chapters including this one, each of which is summarized in 
the following paragraphs: 
Chapter 2 presents a summary of the influential factors of interface behavior and recent in-
situ, laboratory, and numerical studies on interface shear. 
Chapter 3 describes a new testing method for determining angle of repose of sands. The 
impact of testing procedures as well as the properties of the sand grains and 
deposition base used in the tests are evaluated. In addition, the deformation patterns 
of the sand layers during the sand heap formation is studied to unveil unique flow 
patterns under different testing conditions. This chapter is concluded with a 
preliminary 3D DEM model for the angle of repose test. Simulation results show 
good agreement with the laboratory tests. 
Chapter 4 presents the 2D and 3D DEM models for the studies on the shear behavior at 
continuum-granular interfaces, including a 2D model of MFA penetration chamber 
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test, a pseudo 3D model of MFA torsional shear chamber test, and a 3D model of 
both axial and torsional axisymmetric shear test. A series of parametric studies for 
the calibration of the 3D DEM model are performed. 
Chapter 5 summarizes the multiscale results obtained from the 2D simulations of the MFA 
penetration chamber test. Furthermore, a brief summary of how to use the current 3D 
model as a tool to evaluate the penetration disturbance of in-situ tools closes this 
chapter. 
Chapter 6 proposes a pseudo 3D model for MFA torsional shear test which takes the soil 
condition extracted from the 2D model described in chapter 5 as inputs. Multiscale 
torsional shear response in the pre-sheared specimens are summarized. In addition, 
performing several such pseudo 3D simulations with initial soil conditions measured 
at different depths in the specimen of the 2D MFA penetration model, a full 3D 
torsional shear simulation can be reconstructed with less computation cost than 
performing a real 3D simulation. 
Chapter 7 summarizes the micro-, meso-, and macroscale results of the 3D simulations of 
both axial and torsional axisymmetric shear tests. The findings are found to 
accurately describe many aspects of the interface shear behavior observed in the 
laboratory tests. 
Chapter 8 provides a brief summary of the major results gained from this research as well 




CHAPTER 2. LITERATURE REVIEW 
2.1 Friction in Geotechnical Engineering 
The resistance between objects in contact with and rubbing against each other is 
referred to as “friction.” Among the first scholars to theoretically study friction was 
Leonardo da Vinci, who focused on all kinds of friction and discovered that the roughness 
of materials was attributed to the degree of friction. Several researchers (Bowden and 
Tabor 1950; Beek 2011) claimed that the true area of contact formed by asperities 
determines friction. With the improvement of computation ability, numerical simulations, 
especially those based on DEM, of mechanical behavior at the particle level has become 
popular. The computer program BALL, which accounts for friction between particles, 
simulates real experiments on granular media and produces valid results (Cundall and 
Strack 1979).  Meanwhile, the atomic force microscope (AFM), invented in 1986, was at 
the vanguard of research on friction at an atomic scale (Santamarina and Shin 2009). 
In geotechnical engineering, loads are always transferred between soils and other 
geo-materials through surfaces in contact, where friction also accumulates.  Most structures 
such as earth retaining walls, impervious liners in soils, tunnels, and pile foundations are 
strongly dependent on the mechanisms of interfacial friction behavior. Therefore, to better 
guide the construction of geotechnical systems, studies of friction at interfaces between 
soils and geo-structures are in urgent need. Potyondy (1961) concluded that the evaluation 
of interfacial friction should relate to the adhesion and the internal friction of cohesive soils 
based on laboratory experiments (Potyondy 1961). Later, with further laboratory testing, 
Brumund and Leonards (1973) argued that factors such as sizes, angularity, and surface 
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texture of soils have considerable effects on friction. In the past three decades, because of 
the low cost, chamber tests and DEM simulations, compared to in-situ tests, have become 
more popular topics of research pertaining to interactions at geotechnical interfaces 
(Brumund and Leonards 1973). Houlsby and Hitchman (1988) conducted a series of cone 
penetration tests on several types of sands in a large calibration chamber and explained the 
influence of soil density and stress applied to sand on the tip resistance of a cone 
penetrometer (Houlsby and Hitchman 1988).  Using DEM, Jiang et al. (2004, 2006) 
developed a contact model for granular materials and studied penetration mechanisms in 
granular materials at both micro- and macro-scales (Jiang et al. 2004; Jiang et al. 2006).  
2.2 Friction between Granular Media and Geotechnical Materials  
2.2.1 Slipping, rotation, and frustration 
When soils are under shear loading, soil particles deform in two ways: particle 
rotation and slippage. In loosely packed state, soil particles tend to have low coordination 
numbers and rotate freely in compatible directions, with which the shear strength stays at 
a low level (Figure 2.1a). However, as the mean stress in soil increases, the void ratio 
decreases and results in higher coordination numbers that could cause disruption of the 
compatibility of particle rotation. Moreover, the augmentation of deviatoric stress could 
lead to a higher degree of internal anisotropy of the soil, a lower void ratio, and an even 
higher coordination number of contacts, which could hinder the rolling of soil grains and 
contribute to frustration (Figure 2.1b). To overcome the frustration, the particles would 
undergo either frictional slippage or fabric changes that could lead to a lower contact 
number among particles, specifically, a volume dilation. Either way of the two forms is 
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rooted from the development of friction in soil mass or at interfaces that causes most 
geomechanic problems. So, estimating interfacial friction is important and necessary for 
evaluating structural stability and consequently the design and analysis of subsurface 
structures. 
 
Figure 2.1: The schematic of rotation and frustration between particles (Santamarina and 
Shin 2009). 
2.2.2 Theoretical evaluation of the friction coefficient 
Friction angle and dilatancy angle 
Under drained shearing condition, the mobilized friction angle of granular soils 
increases with strain mobilization until it reaches the peak value, beyond which the angle 
of friction may either remain at the maximum value or soften to a lower level. At this stage, 
the soil can deform infinitely without any changes in the void ratio or the stress state. This 
state is generally referred to as the constant volume state or the critical state, and the 
corresponding friction angle is called the constant volume friction angle 𝜑𝜑𝑐𝑐𝑐𝑐 
(Wijewickreme 1986), or residual friction angle for non-clay soil, which is controlled by 
the shape parameters of the soil including eccentricity, angularity, and roughness 
(Santamarina and Cascante 1998; Cho et al. 2006). The critical state friction angle 𝜑𝜑𝑐𝑐𝑐𝑐 is 
 
 10 
essentially constant for a given mineral when the weight of eccentric particles in a soil 
mass exceeds 10%, otherwise it would have nothing to do with the shear strength 
(Skempton 1964). The dilatancy angle 𝜓𝜓 , which is defined as the ratio between the 
volumetric strain increment and the axial shear strain increment, can be expressed in the 






The usual form is the following equation: 
 
𝑓𝑓𝑠𝑠𝑠𝑠𝜓𝜓 =
−(𝜀𝜀1̇ + 𝜀𝜀2̇ + 𝜀𝜀3̇)
𝜀𝜀1̇ − 𝜀𝜀3̇
 (2) 
When a soil mass reaches its peak strength, the rate of dilation is also maximized. Dilatancy, 
controlled by density and confining stress of the specimen, could be expressed as the 
distance from the initial point to the critical state line on the 𝑒𝑒0 𝐷𝐷𝑓𝑓. 𝑝𝑝0′  plane (Bolton 1986; 
Houlsby 1991; Schanz and Vermeer 1996). Been and Jefferies (1985) introduced a state 
parameter that eases the quantification of the distance between the initial void ratio and the 
void ratio on the critical state line under the same mean effective stress (Been and Jefferies 
1985): 
 Ψ = 𝑒𝑒0 − 𝑒𝑒𝑠𝑠 (3) 
Bolton (1986) produced expressions between the peak friction angle, the critical state 
friction angle, and the dilation angle (Bolton 1986): 
 𝜑𝜑𝑝𝑝′ = 𝜑𝜑𝑐𝑐𝑐𝑐′ + 0.8 ∗ 𝜓𝜓 (4) 
The peak friction angle may be mobilized before or at the critical state, depending on the 
initial state of the soil particles being sheared: A loose soil monotonically contracts in 
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volume on shearing, and the peak strength coincides with the critical state shear strength; 
A dense soil may contract slightly until the start of granular interlocking that is dependent 
on shapes of the grains and their initial packing state. The granular interlocking forces the 
soil to dilate, and additional shear forces are required to expand the volume of the soil 
before the peak strength is reached. As soon as the peak strength is overcome through 
continued shearing, a shear strain softening starts and continues until no further changes in 
the volume of the soil occur.  
Table 2.1:  Influential factors on interface friction (after Lee, 1998). 




Initial soil structure Low 
Mean grain size Medium 
Mineral roughness Low 
Uniformity coefficient Low 
Surface hardness High 
Solid Surface Surface roughness High 
Normal stress High 
Test method High Test Procedure Shear rate Low 
2.3 Influential Factors of Interface Strength 
As stated earlier, most geotechnical structures involve the transfer of the forces 
through interface friction. Degrees of significance of influential factors on interface friction 
are presented in Table 2.1. Properties and kinematic constraints such as angularity, soil 
density, continuum surface hardness, surface roughness, and applied normal stress have 
high effects on interface friction. Initial soil fabric, soil particle roughness and soil 
uniformity are not major effects on interface behavior though they are key factors on 
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particle-particle friction. Details of each important factor are summarized in the following 
sections. 
2.3.1 Properties of solid surfaces 
Surface roughness of solid materials 
Brumund and Leonards (1973) revealed that a higher degree of surface roughness at 
interface leads to a higher coefficient of friction (Brumund and Leonards 1973). However, 
if the asperities of the continuum surface are higher than the grain size of the contacting 
soil, the shear strength of the interface surpasses the internal strength of the soil, and 
consequently slippage will occur in the soil media. Bosscher and Ortiz (1987) studied the 
frictional behavior of different continuum materials against sands under cyclic loading, and 
observed that, at relative smooth interfaces, the interfacial friction angle increases greatly 
with a tiny increment of the surface roughness. As the surface roughness exceeds a 
threshold value, the interface strength asymptotically approaches to the internal strength of 
the sand (Bosscher and Ortiz 1987). Therefore, measuring the interface roughness is an 
important task before quantifying interfacial friction. Four definitions were in use 
historically: 
• Maximum roughness, 𝑹𝑹𝒎𝒎𝒎𝒎𝒎𝒎: The maximum vertical distance between the peaks and 
ditches of the surface outline within a characteristic length 𝐿𝐿 that equals to 2.5 mm 




Figure 2.2:  The definition of maximum surface roughness (Kishida and Uesugi 1987). 









where 𝐿𝐿 is the sampling length, and 𝑧𝑧 is the height of the profile from the center line 
(Thomas 1981). 
• Normalized roughness, 𝑹𝑹𝒏𝒏 (Uesugi and Kishida 1986a; Uesugi and Kishida 1986b; 





where 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 is the maximum roughness defined above within a characteristic length equals 
to the average particle diameter 𝐷𝐷50. 





where 𝑅𝑅𝑎𝑎  is the average roughness defined above and 𝐷𝐷𝑎𝑎𝑐𝑐 is obtained from grain size 




Figure 2.3:  The definition of 𝐷𝐷𝑎𝑎𝑐𝑐 (Rao et al. 1998). 
The definition of 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 quantifies the surface roughness over a fixed length 𝐿𝐿 (2.5 
mm) which may not be generally applicable if the pattern or size of the texturing units on 
the surface changes. 𝑅𝑅𝑎𝑎 may fail to differentiate surfaces with highly variated asperities 
from the homogeneous ones. In contrast, since the grain size has influence on the friction 
angle not only in the granular media but also at soil-continuum material surfaces, 𝑅𝑅𝑛𝑛 makes 
use of the 𝐷𝐷50. Rao et al. (1998) explained that the 𝐷𝐷𝑎𝑎𝑐𝑐 is an alternative definition of grain 
size other than 𝐷𝐷50 and can be adopted to fine grained materials. However,  𝐷𝐷𝑎𝑎𝑐𝑐 is not as 
easy as 𝐷𝐷50 to quantify and intuitively, no apparent difference between them is observed 
for the same type of soil. Therefore, 𝑅𝑅𝑛𝑛  and 𝑅𝑅𝑛𝑛  prevail over the other definitions of 
interface roughness. 
Uesugi and Kishida (1986) originally introduced the classical bi-linear relationship 
between continuum surface roughness and interface shear strength by shearing sands over 
steel plates of different surface roughness (Uesugi and Kishida 1986a; Uesugi and Kishida 
1986b). As shown in Figure 2.4, Rao et al. (1998) rediscovered the relationship by 
including more types of sand and implied that changes of peak and critical state friction 
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angles with respect to surface roughness follow the same pattern as in the strength-
roughness plot (Rao et al. 1998). At low level of continuum surface roughness, the ratio 
between the friction angle of the interface and that of the soil increases proportionally to 
the relative surface roughness until the relative roughness 𝑅𝑅 𝐷𝐷𝑎𝑎𝑐𝑐⁄  exceeds 0.01. Beyond 
this point on the graph, the shear strength of the interface remains stable. On this plateau, 
the interfacial friction angle (peak or critical state) is similar to the internal friction angle 
of the soil mass. It can be explained by the transfer of the shear force from the interface to 
the sand media in which shear failure would happen. In addition, similar phenomena were  
 
Figure 2.4:  The influence of relative roughness on the interface friction angle (after Rao 
et al. 1998). 
observed in myriads of studies on a variety of interfaces between: sands and steel (DeJong 
and Frost 2002; Hebeler 2005), timber/concrete and sands (DeJong 2001), geomembranes 
and geotextiles, geomembranes/geotextiles and granular materials  (Dove 1996; Lee 1998; 
Frost and Han 1999; DeJong and Frost 2002; Kim and Frost 2011; Frost et al. 2012), and 
structured continuum surface and granular materials (Martinez and Frost 2017; Frost and 
Martinez 2018). The results of these research studies give valuable insights for 


























geotechnical systems to control interface roughness such as 1) enhancing the transfer of 
desired loads from piles to soil in foundations by maximizing the interface friction; 2) 
reducing undesired forces while tunneling by minimizing the interface friction between the 
boring machine and soils. 
 
Figure 2.5:  The effect of surface roughness on the shear stress-displacement response at 
interfaces between (a) a smooth or (b) textured geomembrane and Ottawa 20/30 sand 
(Frost et al. 2012). 
Interface roughness also influences greatly on stress-strain response of interface 
shear. As shown in Figure 2.5, a heavily textured surface requires a displacement that is 5 
to 7 times larger than a smooth surface to fully mobilize the shear resistance while shearing 
against the same soil under the same stress condition (Frost et al. 2012). In addition, the 
magnitudes of peak and residual shear strength of smooth interfaces are much lower than 
the values of rougher interfaces, which indicates that different shear mechanisms are 
triggered at interfaces of different roughness. 
Coupled effects of normal confining pressure and surface hardness of solid materials 
The influence of normal confinement on interface shear behavior is always studied 
together with the effects of surface hardness. Research revealed that the interface friction 
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angle 𝛿𝛿 between sand and continuum surface as well as the internal friction angle 𝜑𝜑 of sand 
have positive correlations with the normal stress at contacts—they all decrease with the 
reduction of the normal stress (Potyondy 1961; Acar et al. 1982). O’Rourke et al. (1990) 
sheared a sub-rounded sand against high-density polyethylene (HDPE), polyvinyl chloride 
(PVC) pipes and plasticized PVC linings under different normal stress, and indicated that 
the shear strength and the normal stress are perfectly linearly related (O'Rourke et al. 1990). 
Uesugi and Kishida (1986) conducted a series of shear tests on sand-steel interfaces and 
observed little influence of normal stress on the friction coefficient when confining 
pressure is high (Uesugi and Kishida 1986a). This paradoxical phenomenon obeys to the 
mechanism proposed by Valsangkar and Holm (1997) and further explained by Dove and 
Frost (1999) as shown in Figure 2.6 (Valsangkar and Holm 1997; Dove and Frost 1999). 
The interface friction coefficient and the normal stress is also subject to a bi-linear 
relationship: The interface friction angle decreases with the normal stress when the 
confinement is low. However, under high confining pressure, the friction coefficient either 
increases monotonically for soft surfaces or remains at the same level for hard surfaces. 
 
Figure 2.6:  The effects of surface hardness and normal stress on the interface friction 
coefficient (modified from Dove and Frost 1999). 
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Dove and Frost (1999) explained that, with the increase of normal confinement, 
contact areas as well as coordination numbers between soil particles and geomembranes 
also increase, which leads to a recession of the force allocated to each particle. Therefore, 
the friction coefficient at the interface declines. After the transition value is reached, the 
relative hardness of the solid surface over the soil mass takes into effect on sand-continuum 
surface friction. Bowden and Tabor (1950) believed that the friction force has two 
components including “adhesion” and “plowing”, the later one is also known as plastic 
deformation (Figure 2.7). For stiff surfaces, scratches on the contimuum surface observed 
after shear reveal that the dominant mechanism is adhesion, under which the coordination 
number per particle and the contact area are independent to the increasing of the normal 
stress (shown as the horizontal solid line). As a result, stress is transferred directly to the 
contacts at the interface (Dove and Frost 1999; DeJong and Frost 2002). In contrast, the 
plowing mechanism is more apparent when angular particles interact with surfaces of 
relatively softer materials. The abrasion on soft surfaces is the sign of deeper interactions 
between contacting media, which reinforces the interface strength (shown as the dotted line 
in Figure 2.6).  
 




Figure 2.8:  The effect of confining pressure on the volume change (DeJong and 
Westgate 2010). 
Figure 2.8 shows that confining pressure also affects the volume change of soil 
specimens during interface shear tests (DeJong and Westgate 2010). Intuitively, dilation is 
expected for the sake of slipping, rotation and frustration at contacts between soil grains 
and at soil-surface interfaces (discussed in the last section of this chapter). This dilative 
response was observed in tests under low confinement. However, under high confining 
pressure, the specimen underwent no apparent volume change throughout the shearing 
process. This form of volume change could be stemed from the prevailing plowing 
mechanism under high confinement condition. 
2.3.2 Soil properties 
Soil density 
It is well known and studied that the stress-strain response of sand is considerably 
influenced by the density of the soil mass. However, there is a controversy about its effect 
on interface shear behavior, owing to different setups of direct shear tests. These tests were 



























usually categorized in two types according to the relative positions between the specimen 
and the materials sheared against:  
• Type A: Yoshimi and Kishida (1981) used a ring torsion apparatus to quantify 
friction between sands and metal; Noorany (1985) conducted tests on a direct shear 
mode by sliding piles over sands. These research was conducted with a setup, in 
which the continuum surface was set above the soil (Figure 2.9a) (Acar et al. 1982; 
Noorany 1985);  
• Type B: Other researchers prepared soil samples in a reversed order shown in 
Figure 2.9b (Potyondy 1961; Levacher and Sieffert 1984; O'Rourke et al. 1990).  
 
Figure 2.9:  Two types of interface shear tests a) type A; b) type B (Rao et al. 1998). 
Whereas, type A tests were constructed in the following arrangement order: load → 
continuum surface → soil, the soil and the continuum surface in type B experiments were 
in a reversed order: load →soil → continuum surface. Some of the research conducted on 
type A shear tests showed that the density of the soil has nothing to do with the interfacial 
friction angle 𝛿𝛿 (Yoshimi and Kishida 1981; Noorany 1985). However, studies of shear 
tests with type B arrangement illustrated that the interfacial friction angle 𝛿𝛿 increases with 
the raising of the initial density of the soil (Levacher and Sieffert 1984; O'Rourke et al. 
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1990). Rao et al. (1996, 1998) explained that, for type A shear tests, the free surface of the 
soil is looser than that of deeper layers in the specimen. For the absence of confinement 
from the top, the density of the top layer soil contacting with the continuum surface is not 
influenced by how dense the sample is compacted. As a result, the peak interfacial friction 
angle does not change despite the compacted density of the soil under the solid surface 
(Rao et al. 1996; Rao et al. 1998). In contrast, for type B apparatus, the soil was prepared 
to a desired density just on top of the solid material. With this in mind, total contact number 
between soil particles and the surface increases with the increasing of the soil density, as 
does the peak interfacial friction angle 𝛿𝛿𝑝𝑝 (as shown in Figure 2.10).  
  
Figure 2.10:  The effect of the soil density on the friction coefficient (O'Rourke et al. 
1990). 
 The pattern of the volume change of a specimen during interface shearing is also 
influenced by its initial density (DeJong and Westgate 2010). Figure 2.11 shows the 
volumetric change of samples in direct shear tests of a sub-rounded sand with woven/non-
woven geotextiles (Tuna and Altun 2012). Sand samples with low initial relative density 
experienced contraction in volume during the shearing process whereas samples at high 




Figure 2.11:  The effect of the relative density on the volume change (modified from 
Tuna and Altun 2012). 
The influence of grain size  
The grain size of a soil relates closely to its fabric, which is rooted from the soil 
formation. When the particle diameter is smaller than 10 µm, the soil possibly results from 
chemical and biological process. Among the small particles, those that failed to arrange 
along crystal atomic planes would form into platy shape particles. Moreover, the high 
coordination number owing to the small particle size facilitates the separation of elongated 
particles. Chemical and mechanical effects such as abrasion contribute to the formation of 
particles that exceed 50 𝜇𝜇𝑅𝑅 in diameter, whose shapes are usually rotund. However, for 
intermediate sized particles, it is less apparent what determines their shapes.  
Frost and Han (1999) studied the effect of the particle size on the friction angle 𝛿𝛿 
at sand-fiber reinforced polymer interfaces and showed that, compared to bigger particles, 
particles of smaller diameters have larger angles of interfacial friction while shearing 
against the same continuum surface (shown in Figure 2.12). The grain size was not treated 
as a single factor that affects interfacial friction, it always has a strong connection with 
surface roughness. If particles and asperities on the contacting surface have a similar size, 
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moving particles over the texture elements on the surface consumes large energy, which is 
illustrated in Figure 2.13 (Rowe 1962; Uesugi and Kishida 1986b; Jardine et al. 1993; Rao 
et al. 1998). In contrast, when the particle size is greater than the surface curvature, the 
shear resistance is only provided by the friction at small touching points of the particles; 
the absence of the rolling mechanism also contributes to the difference on the shear 
strength. In this manner, the normalized surface roughness introduced in section 2.3.1 
makes more sense and has been used widely. 
 
Figure 2.12: The influence of the particle size on the peak interface friction coefficient 
(after Frost and Han, 1999). 
 




The influence of particle shape 
Particle shape is also a key factor in the stress-strain relationship at interfaces. 
Illustrated in Table 2.2, Santamarina (2001) summarized the shape parameters and 
interpreted particle shapes as a combination of sinusoidal waves of various wavelengths 𝜆𝜆 
(Santamarina 2001a; Santamarina 2001b; Santamarina and Cho 2004; Cho et al. 2006). 
• Sphericity:  the 𝜆𝜆 is at the level of 𝜋𝜋𝑑𝑑 2⁄ . The sphericity can be quantified as the radius 
of the largest inscribed sphere 𝑟𝑟5  (Figure 2.14) over the radius of the smallest 
circumscribed sphere 𝑅𝑅. This parameter controls the particle alignments during the 
sediment process. 
 
Figure 2.14:  The variables used to calculate shape parameters (after Santamarina and 
Shin 2009). 
• Angularity:  the 𝜆𝜆 is at the level of 𝑑𝑑/10. The angularity is quantified as the average 
radius of inscribed and circumscribed spheres of the particle divided by the radius of 
the maximum sphere inscribed in the particle. This parameter governs the inter-particle 
interlocking and the resistance to particle rotation. 
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• Roughness:  the 𝜆𝜆 is at the level of 𝑑𝑑/100. The roughness is defined as the size of 
texture elements on the particle surface divided by the radius of the particle.  
• Roundness:  Uesugi and Kishida (1986) defined the roundness of a soil particle with 











The variables are explained in Figure 2.14. For a spherical particle, the roundness is 1.0. 
Table 2.2: Shape parameters of granular materials (after Santamarina and shin, 2009). 
 
Both the sphericity and angularity of particles are major causes of the hindrance to 
particle rotation. As shown in Figure 2.15, Frost and Han (1999), Frost et al. (2012), and 
Uesugi and Kishida (1986b) have revealed that higher interface friction coefficient was 
achieved when shearing continuum surfaces against angular particles comparing to rotund 
ones (Uesugi and Kishida 1986b; Frost and Han 1999; Frost et al. 2012). They explained 
that the interlocking between the angular particles is responsible for the difference, but the 




Figure 2.15:  The influence of particle angularity on the interface friction coefficient 
(Frost and Han 1999). 
2.3.3 Testing Procedure 
The influence of the shearing velocity 
Although wet and fully saturated conditions are most common in the problems we 
encounter in the field, the current advancing study start with understanding the mechanisms 
of interface shear under dry condition. It was widely agreed that the shearing rate almost 
has nothing to do with the friction angles of dry sands. Lambe (1951) performed direct 
shear tests on a sand at different shear rates ranging from 0.15 to 2.54 mm/min, and showed 
no apparent influence on the friction angle (Lambe 1951). Frost and Han (1999) sheared 
sub-rounded and angular sands over FRP’s with varied shear rates between 0.25 and 5.08 
mm/min and the effect is negligible (Frost and Han 1999). Gui et al. (1998) and Dayal 
(1975) summarized and compared a series of miniature cone penetration tests on dry sand. 
Negligible changes in tip resistance and sleeve friction was observed when varying the 
penetration rate from 2.5 to 20 mm/s (Dayal and Allen 1975; Gui et al. 1998). Thus, it is 
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safe to draw a conclusion that shearing speed doesn’t influence much on interface shear 
responses under dry condition. 
2.4 Recent Research on Interface Shear 
2.4.1 In-Situ Tests 
In-situ testing techniques have been widely used to characterize engineering 
properties of tested soils, due to the difficulties of getting undisturbed soil samples for 
laboratory experiments. However, the most popular ones have been utilizing devices that 
are designed for recording limited types of measurements. Moreover, the designers didn’t 
pay attention to the merits of controlling interface roughness. As the development of 
machinery progresses, multiple sensors for a variety of measurements can be integrated 
into a single device nowadays. The cone penetration test (CPT) has the potential to be the 
predominant and most efficient approach for site characterization. Measurements obtained 
from a conventional CPT are usually the penetration resistance of its conical tip (𝑞𝑞𝑡𝑡), the 
friction force on the smooth sleeve located immediately behind the cone tip (𝑓𝑓𝑠𝑠 ), and 
generally, readings of pore pressure transducers equipped at/on/behind the tip as probing 
the device into the soil. The only measurement having a strong relationship with interface 
shear is the sleeve friction. However, most of the empirical equations for soil 
characterization do not rely on the measurements of 𝑓𝑓𝑠𝑠 since the sleeve friction is highly 
variable and not as reliable as the tip resistance 𝑞𝑞𝑡𝑡. Two major causal effects of the high 
variability of sleeve friction 𝑓𝑓𝑠𝑠  have been fully researched (DeJong et al. 2001): 1) 
measurement location:  Campanella and Robertson (1981) observed that the sleeve friction 
is stable when the sleeve is positioned 35 cm behind the tip (Campanella and Robertson 
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1981). The measurement of the sleeve friction varies largely as the distance between the 
sleeve and the cone tip changes, which is an evidence of the stress disturbance in the plastic 
zone around the cone tip based on the cavity expansion theory. 2) The roughness of the 
sleeve: The important factor that has always been ignored is the changes of the sleeve 
roughness caused by the wear during regular use.  
 
Figure 2.16:  Sensed volume vs. displaced volume of a variety of in-situ measurements 
(Su et al. 2014). 
Despite the readings of tip resistance being more stable, high dependence on the 𝑞𝑞𝑡𝑡 
reading can lead to misinterpretation during site characterization, especially the detection 
of soil anomalies (e.g. soil lenses). Su et al. (2014) compared the sensing zones of 
measurements for conventional in-situ testing techniques (shown in Figure 2.16) and noted 
that the volume of soil reflected by the tip resistance is over three magnitudes larger than 
that represented by the sleeve friction in clean sand. Therefore the thicknesses of soil 
layers—especially thin layers—can be overestimated (Su et al. 2014). Unfortunately, the 
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current practice fails to account for above factors in the design of the CPT. Motivated by 
the needs of improving the sleeve friction measurement and to characterize interface 
strength more robustly and precisely, a group of researchers initiated and developed a series 
of in-situ tools that incorporate multiple sensors at the Georgia Institute of Technology. 
Details of the designs and the findings of these multi-sensor in-situ tools can be found in 
listed references  (DeJong 2001; DeJong et al. 2001; Frost and DeJong 2001; DeJong and 
Frost 2002; Frost et al. 2004; Frost and DeJong 2005; Hebeler 2005; Frost and Martinez 
2012; Martinez 2015).  
Multi-Sleeve Friction Attachment (MFA)  
DeJong et al. (2001) came up the concept of quantifying shear strength of in-situ 
interfaces by performing a modified CPT (MFA) that has textured sleeves with different 
configuration attached behind a conventional CPT cone. The design is configured to attach 
four sleeve attachments of different surface roughness with four individual load cells 
further behind a conventional 15 cm2 CPT module in sequence (In order to avoid the cavity 
expansion disturbance caused by cone tip during penetration). Each of the load cell 
measures the shear resistance of a sleeve with distinct surface roughness in a single 
penetration sounding. As the interchangeability is enabled at each attachment position, any 
combinations of surface roughness can be acquired at different positions after the CPT cone 
(DeJong 2001; DeJong and Frost 2002; Frost and Martinez 2013). In accordance with the 
findings of shear strength at surfaces of varied roughness, a bi-linear relationship is 




Figure 2.17:  Photograph of the textured sleeves (DeJong 2001). 
Figure 2.17 shows the design of the textured sleeves. The variation of surface 
roughness is obtained by changing the height of diamond shaped textures extruding from 
the base substrate of the attachment surface. Another important detail of textured sleeves 
is their shortened height comparing to conventional CPT attachments. According to ASTM 
D5778-12 and ISSMFE, the length of standard CPT sleeve ranges from 145mm to 164mm 
for a 15 cm2 CPT module; Reading intervals in penetration distance is about 20mm. 
Therefore, with the recommended configuration of a CPT, at least 7 readings of the sleeve 
friction are recorded. Any of the 7 measurements is dependent on the others since they 
actually measure the moving average of the friction force acting on the friction sleeve as 
shown in Figure 2.18 (Frost et al. 2006). Further analysis on the effect of the sleeve length 
on thin layer detection showed that a long sleeve always over- and under-estimates the true 
shear resistance of the upper and lower layers respectively (Figure 2.19a). In addition, the 
transition zone near soil interfaces for the long sleeve is also much longer than the zone for 
a shorter sleeve. Figure 2.19b shows a similar trend at both the upper and lower interfaces 
bounding the soil anomaly: The long sleeve significantly underestimates the strength of the 
unnormal layer of soil. As a result of the large transition zone in the reading profile, the 
anomaly thickness is overestimated. Considered all the facts, the designers of the MFA 
shortened the sleeve length from the conventional 164 mm to 109 mm. More details about 
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the evolution of the designs of the textured sleeves and the validation of the anti-clogging 
mechanism can be found in DeJong (2001), DeJong, Frost and Cargill (2001) and Frost 
and DeJong (2005). 
 
Figure 2.18:  The illustration of sleeve friction convolution (Frost et al. 2006). 
 
Figure 2.19:  The effect of the sleeve length on the distributions of measured sleeve 
friction across (a) a stratigraphic interface and (b) an anomaly deposit (Frost et al. 2006). 
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Multi-Sleeve Piezo-Friction Attachment (MPFA) 
Inheriting all the benefits of the MFA, Hebeler (2005) proposed the MPFA by 
adding pore pressure sensors at locations ahead and behind each textured friction sleeve, 
with which shear induced pore pressure along the attachments of different roughness can 
be assessed in a single sounding. The schematic of the MPFA is shown in Figure 2.20. The 
five additional piezo elements provide a number of advantages to the MFA including the 
ability to 1) observe drainage conditions at the locations of the piezo sensors; 2) better 
assess hydrostatic ground water conditions and evaluate interface responses within the 
framework of effective stress analysis, which is the key of liquefaction and consolidation 
along the penetrometer shaft; and 3) improve stratigraphic characterization with abundant 
data collected in a single sounding (Hebeler 2005; Frost and Martinez 2012; Martinez and 
Frost 2018). 
 

































































Figure 2.21:  The soil classification charts based on multi friction parameter (Hebeler et 
al. 2018). 
The uniqueness offered by the MPFA is its soil classification method based on the 
relationships between tip resistance or pore pressure and an interface shear parameter that 
reflects surface roughness and stress state (Hebeler 2005; Hebeler et al. 2018). This new 
soil classification enriched the classic soil behavioral classification chart proposed by 
Robertson (1990), which plotted normalized cone tip resistance verses parameters that 
highly related to the tip resistance itself instead of interface behavior (Robertson 1990). 
Figure 2.21 shows the new soil classification chart. In the chart, MFP is the multi-friction 
parameter, 𝜏𝜏0.50 is the isolated shear stress measured with a friction sleeve of 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 of 0.50 
mm, and 𝜏𝜏0.00 is the shear stress measured with a conventional smooth CPT friction sleeve. 
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It shows that the system framework classified sandy, silty, and clayey mixtures more 
accurately than the existing systems. The 𝑄𝑄𝑡𝑡𝑛𝑛 − 𝑓𝑓𝑓𝑓𝑘𝑘 chart also separated calcareous and 
cemented materials from uncemented and silica-based materials. In contrast, the proposed 
framework did not accurately classify over-consolidated fine-grained layers, in part due to 
limited availability of data for such materials from the initial soundings (Hebeler et al. 
2018). 
Multi-sleeve Piezo-Friction-Torsion Attachment (MPFTA) 
As shown in Figure 2.22, the latest model of the multi-sensor in-situ testing family 
was developed based on the past two generations. Inherited from the MFA and the MPFA, 
the MPFTA can be attached behind a conventional CPT module and stand alone as an 
interface shear apparatus. What makes the MPFTA different from past equipment is its 
stronger compatibility and higher sufficiency of characterizing soil properties. These 
merits are reflected in several concepts: 1) At each texture sleeve attachment location, it 
can measure both axial and rotational shear forces on the sleeve surface provided by a dual 
axial-torsional load cell; 2) It can be used to infer lateral stress in the soil; and finally, 3) 
the MPFTA can be attached behind a variety of in-situ devices such as CPT, self-boring, 
and 𝐾𝐾0 step-blade modules such that the penetration disturbance of these modules can be 
compared and evaluated (Martinez 2015).  
The additional measurements on torsional shear forces on sleeve attachments enrich 
the system by evaluating soil properties in the lateral direction. Facilitated by these 
additions, analysis on soil anisotropy, soil strength under different shear directions and in-
situ stress states are possible. Moreover, the coupled vertical and torsional shear motion 
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has already been adopted into pile installation: Piles are manufactured with spiral-shaped 
ditches on their surfaces in order to increase the bearing capacity of the pile foundation 
(Saeki and Ohki 2000; Tadashi and Mikio 2008). However, the calculations of required 
loads and torques during installation were not well studied in this area. With the dual axial-
torsional measurements, evaluating pile installation becomes easy. In addition to the 
benefits of the torsional motion, the sleeves on the MPFTA apparatus are exchangeable.  
 


















Figure 2.23: (a) The setup of the axisymmetric shear device and schematic drawings for 
(b) the axial and (c) torsional shear tests (adapted from Hebeler 2005 and Martinez 2015). 
2.4.2 Laboratory Tests 
Laboratory studies on interface shear responses have been performed on an apparatus 
called the axisymmetric shear device, which was initiated by DeJong (2001), shown in 
Figure 2.23a. Further modifications were made by Martinez (2015) to enable studies on 
the behavior of torsion-induced interface shear. The body of the axisymmetric shear device 
is composed of a cylindrical steel chamber and a two-piece smooth aluminum rod 
connected by an exchangeable friction sleeve of controlled surface roughness. The steel 
chamber provides uniform lateral confining pressure to the soil sample via external air 
pressure applied on the latex membrane around the soil sample. The top and bottom of the 
chamber is covered by fixed aluminum plates with rubber seals that secure a BC4 boundary 
condition (constant lateral confinement, zero vertical strain) (Ghionna and Jamiolkowski 
1991). At the center axis of the chamber, an assembled rod-friction sleeve module is in 
position. The soil is air-pluviated around the module in a certain density to simulate a 
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“perfect insertion” scenario that enjoys the absence of the disturbance zone caused by the 
insertion of the cone tip. Textured friction sleeves are the same as the exchangeable sleeve 
attachments used in the series of multi-sensor in-situ tests described above as showed in 
Figure 2.17. Maximum roughness 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 of sleeves ranging from 0.01 mm (ASTM D 5778-
07 smooth sleeve) to 2 mm were achieved from the various heights H of the diamond 
shaped elements on the sleeve attachments.  
Depending on the shear direction, the device can be used for axisymmetric axial or 
torsional shear tests. The driving force is provided by either pushing the rod up from the 
bottom or rotating the rod at its top end (Shown in Figure 2.23b, 2.23c). The testing 
procedure was controlled to obtain 63.5 mm total displacement in axial direction with a 5 
mm/min vertical shearing speed or in torsional direction with an equivalent rotational speed 
allowing the same 5 mm/min linear velocity at the surface of the rod module. Resistance 
forces for both directions were measured at the connection between motor and the rod 
during shear. On the other hand, the axial and rotational displacement were recorded at the 
top by an LVDT and RVDT, respectively. More details of the design and testing procedure 
can be found in DeJong (2001), Hebeler (2005) and Martinez (2015). 
In addition to the rediscovering the bi-linear relationship between the interface shear 
strength and surface roughness, DeJong (2001), Hebeler (2005) and Martinez (2015) 
conducted both axial and torsional shear tests on soils with varied properties and focused 
more on explaining micro-scale behavior during interface shearing. Figure 2.24 shows the 
shear zones formed in axial and torsional shear tests on smooth and textured sleeves. 
Shearing against smooth sleeves in both directions did not yield apparent shear zones, 
which is direct evidence of the fact that particle sliding at the surface of the smooth sleeve 
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is the predominant shear mechanism. In contrast, shear zones formed in the tests with 
textured sleeves are easily discernable. The thickness of the well-defined shear zone is 
always about 6.0 to 6.4 times of the 𝐷𝐷50  for both types of tests when the surface is 
sufficiently rough. On the other hand, the length of the shear zone increases linearly with 
the increase of the shear displacement for both torsional and axial cases, but the torsional 
motion yields a higher shear zone length than that of the axial shearing of the same linear 
displacement (Martinez et al. 2015; Hebeler et al. 2016; Martinez and Frost 2017). 
 
Figure 2.24:  The shear zones developed in (a) the axial shear tests with the conventional 
CPT sleeve and b) textured sleeve of 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 = 1 𝑅𝑅𝑅𝑅; c) the torsional shear tests with the 
conventional CPT sleeve and d) textured sleeve of 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 = 1 𝑅𝑅𝑅𝑅 (Martinez 2015). 
Derived from both axial and torsional shear tests, these researchers also proposed a 
micro-mechanics theory for soil-textured sleeve interfaces. The shear resistance on the 
sleeve in either shear direction consists of two components (Frost and DeJong 2005; 
Martinez and Frost 2017; Frost and Martinez 2018). The common component is the 
interface friction force (IF) generated by the friction between the sleeve and the soil mass. 
The other part of the resistance force is distinct for different shear directions. The 
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component triggered in axial shear is the annular penetration force (AP)—a passive 
resistance caused by the difference in diameters between the substrate base and the 
protruding textures. On the other hand, the tangential force component (TC) in torsional 
shear is the counterpart of AP, which is originated from a combination of the force transfer 
in tangential and radial directions of the textured sleeve. As shown in Figure 2.25a, the 
axial motion of the sleeve leads to the transfer of forces along the downward direction, 
which displaces soil particles in the vicinity of the sleeve in the same direction. This pattern 
of particle displacements results in only modest changes of the void ratio outside the shear 
zone, which is observed by DeJong (2001) and Hebeler (2005) through laboratory tests. In 
contrast, except for transferring forces along the shearing direction, the sleeve also pushes 
particles away from its surface (shown in Figure 2.25b). This mechanism explained the 
observation of the changes in void ratio inside and outside the shear zone after torsional 
shearing: The specimen dilated in the shear zone, whereas prominent contraction was 
observed just outside the shear zone. This phenomenon implies the migration of soil grains 
from inside the shear zone to outside, which is caused by the TC force described above. 
 




2.4.3 Numerical Simulation 
 Numerical simulations are ideal approaches to not only qualitatively but also 
quantitatively understand soil behavior at interfaces because of the low cost and 
reproducibility. The finite element method (FEM) and the discrete element method (DEM) 
are the two most popular approaches. Since the early 80’s, the FEM has been adopted to 
simulate soil-in-situ-device interface responses. However, it is more confident to 
implement the FEM on small strain problems since either frequent re-meshing or carefully 
treated methods are needed for simulations on large strain problems. An alternative 
method, the DEM, proposed by Cundall and Strack (1979), is well suited to model 
boundary value problems involving large displacements and localizations, for the fact that 
the behavior of soils is modeled with discrete entities that follow the Newton’s second law, 
which agrees well with the natural state of soil particles. Huang and Ma (1994), Jiang et al. 
(2006), and Butlanska (2014) pioneered research in DEM simulations of CPT in both two-
dimensional (2D) and three-dimensional (3D) space. However, in these models, the soil 
particles were idealized by circular disks or perfect spheres for 2D or 3D models. In order 
to take account for the shape of soil grains, a property contributing to the resistance of 
rotation between particles is introduced, which is always termed as “rolling friction” or 
“rolling resistance”.  
Causes of Rolling Resistance 
Myriads of research revealed the significance of particle rotation to not only micros- 
but macro-scale behavior of granular bodies. Oda et al. (1982) conducted biaxial 
compression tests on samples composed of two types of oval-shaped disks with various 
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inter-particle friction coefficient. They found that, during the course of deformation, 
particle rotation determined the peak strength of granular assemblies (Oda et al. 1982). 
Afterwards, Oda and Kazama (1998) confirmed that rolling resistance at contacts is a major 
factor controlling the strength of granular soils; Further investigation on photoelastic 
pictures taken from biaxial tests on an assembly of oval rods showed a strong link between 
the particle rotation and the increase of void ratio in shear bands (Oda and Kazama 1998).  
An extreme case of particle rotation is free rolling, which is defined as the relative 
movement between two objects with the absence of tangential forces. In contrast, the reality 
is that energy dissipates in a variety of ways at contacts, among which is the “rolling 
resistance”. Mechanically, the resistance of rotation is originated from couples that are 
demanded by the asymmetric distribution of pressure at contacts. The counterbalance of 
rolling could source from several causes per numerous research studies and it is 
summarized by Ai et al. (2011):  
Micro-slips and friction at contacts 
Micro-slips always occurred at interfaces when contacting bodies have different 
Young’s moduli and friction coefficients. In addition, micro-slips can also arise from 
curvature difference within contacting pairs. However, for typical materials, rolling 
resistance caused from micro-slips is extremely rare. 
Surface adhesion 
Small particles always form into adhesive aggregates, within which adhesion is 
presented at contacting surfaces between the consisting particles. The breakage of adhesive 
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bonds at contact points is a major contributor to the energy dissipation during particle 
rotation. 
Plastic deformation at rolling contacts 
Inelastic deformation is an important source of energy dissipation during particle 
rotation, and thus causes rotational resistance. Plastic deformation, always cumulated by 
hysteresis properties of viscoelastic materials, does not usually occur at the contacting 
surface but in the solid mass, where the shear stress reaches the maximum. 
Surface roughness at rolling interface 
The asperities along the contact surface play key roles in energy dissipation: Even if 
the bulk stress is within the elastic threshold, the stress at contacts between asperities and 
the other body would fall into plastic phase. Thus, plastic deformation consumes the rolling 
energy. When the specimen is associated with repeated rolling, only the first loading cycle 
continuously causes plastic deformation, subsequent cycles cause less, even zero plastic 
deformation. 
Johnson (1987) defined a coefficient of rolling resistance by equating the rate of work 
done by contact pressure on the front half of the contact to the dissipation rate of the net 
strain energy. The rate of work is expressed in the following form: 
 




where a is the length of front half of the contact and 𝜔𝜔 is the angular velocity of the body. 







where P is the contact force. If 𝑓𝑓𝑟𝑟 denotes the moment of rolling resistance, the coefficient 








where 𝛼𝛼 is the fraction of strain energy dissipated by hysteresis. 
 
Figure 2.26:  The definitions of the parameters at a rolling contact (Johnson 1987). 
Dealing with Particle Rotations in DEM Models  
A common approach to account for particle shapes is assembling specimens with 
“clump” particles, each of which consists of multiple spherical pebbles. By changing the 
distance between consisting pebbles in clumps, the angularity of simulated soil grains is 
controlled. This approach avoids the difficulties of coming up with and validating advanced 
contact models, but the computation cost is more severe by increasing the total number of 
spherical particles. Martinez (2015) adopted the “clump” particle approach in his 2D 
models to simulate both axial and torsional shear tests with the axisymmetric shear device. 
The most innovative concept that distinguishes these models from other models of CPT 
simulations is the utilization of controlled surface roughness of the friction sleeve at the 
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soil-device interface. Macroscale responses obtained from the models, such as stress-
displacement curves for the interfaces of different surface roughness and shear zone 
characterization, were consistent with laboratory results. In addition, microscale behavior, 
which was not feasible in laboratory tests was studied with these DEM models. Most 
importantly, by tracking the trajectories of particles in the shear zone and monitoring the 
changes of local void ratio within the specimens, the micro-mechanism proposed in his 
earlier work was confirmed in the 2D model. Brief summarization of the setup of these 
models will be described in the following sections. 
Alternatively, without increasing the complexity of particle geometries, many 
researchers proposed new contact models that incorporate pairs of rotational friction 
torques to account for the resistance of particle rotation resulting from particle angularity 
(Iwashita and Oda 1998; Jiang et al. 2006). Ai el al. (2011) summarized these models into 
four categories (Ai et al. 2011). In the following context, the rolling resistance torque is 
derived from two contacting particles of radii 𝑅𝑅1 and 𝑅𝑅2 respectively. In addition, a rolling 
radius at the contact is defined with the following expression:  
 𝑅𝑅𝑟𝑟 =  𝑅𝑅1 ∙ 𝑅𝑅2 (𝑅𝑅1 + 𝑅𝑅2)⁄  (12) 
Model I 
The models usually apply resistive torques on particles, which are dependent on total 
rotation or total rotational velocities of these two particles. This type of models was least 
used since they can cause different torques being applied to the particles in contact and 





Zhou et al. (1999) proposed a model applying constant resistance torques on pairwise 
particles, which are proportional to normal forces and relative angular velocities at 
contacts, and are always applied against the directions of the relative rotation (Zhou et al. 
1999). The expression can be written in the following form: 




where 𝜇𝜇𝑟𝑟 is the coefficient of rolling resistance, and 𝜔𝜔𝑖𝑖,𝜔𝜔𝑗𝑗 are the angular velocities of the 
contacting bodies respectively. 
Model III 
Zhou et al. (1999) proposed another model, in which the rolling resistance torque is 
proportional to the relative translational velocity at any contact. The rolling resistance can 
be expressed as the equation: 
 𝑓𝑓𝑟𝑟 = −𝜇𝜇𝑟𝑟𝑓𝑓𝑛𝑛𝑅𝑅𝑟𝑟(𝜔𝜔𝑖𝑖𝑅𝑅𝑖𝑖 − 𝜔𝜔𝑗𝑗𝑅𝑅𝑗𝑗) (14) 
Model IV 
Iwashita and Oda (1998) originated the prototype model of this type. Jiang et al. 
(2005) and Ai et al. (2011) improved the model by introducing viscous damping and 
compliance of rotational torques so that it is more stable and can be used in simulations 
under cyclic loading (Iwashita and Oda 1998; Jiang et al. 2005; Ai et al. 2011). In these 
models, the total resistance acting against the rotation at a contact is composed of two 
components: 
 𝑓𝑓𝑟𝑟 =  𝑓𝑓𝑟𝑟𝑘𝑘 +  𝑓𝑓𝑟𝑟𝑐𝑐 (15) 
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𝑓𝑓𝑟𝑟,𝑡𝑡+∆𝑡𝑡𝑘𝑘 − 𝑓𝑓𝑟𝑟,𝑡𝑡𝑘𝑘 = −𝑘𝑘𝑟𝑟∆𝜃𝜃𝑟𝑟
�𝑓𝑓𝑟𝑟,𝑡𝑡𝑘𝑘 � ≤ 𝜇𝜇𝑟𝑟𝑓𝑓𝑁𝑁𝑅𝑅𝑟𝑟
 (16) 
where 𝑓𝑓𝑟𝑟,𝑡𝑡+∆𝑡𝑡𝑘𝑘  𝐷𝐷𝑠𝑠𝑑𝑑 𝑓𝑓𝑟𝑟,𝑡𝑡𝑘𝑘  are spring torques at time 𝑓𝑓 + ∆𝑓𝑓 and 𝑓𝑓, and 𝑘𝑘𝑟𝑟, defined as 𝑘𝑘𝑟𝑟 =
 𝑘𝑘𝑠𝑠𝑅𝑅𝑟𝑟2 by Iwashita and Oda (1998), is the rolling stiffness at the contact. These equations 
enable the roll-back situation shown in Figure 2.27. 
 
Figure 2.27:  The definitions of the parameters at a rolling contact (Ai el al. 2011). 
In addition, the viscous component was defined by Ai et al. (2011) in the form of the 
bipartite equations:  
 
𝑓𝑓𝑟𝑟,𝑡𝑡𝑐𝑐 = �
              0                            𝑠𝑠𝑓𝑓 �𝑓𝑓𝑟𝑟,𝑡𝑡𝑘𝑘 � = 𝜇𝜇𝑟𝑟𝑓𝑓𝑛𝑛𝑅𝑅𝑟𝑟
2𝜂𝜂𝑟𝑟�𝑘𝑘𝑟𝑟𝐼𝐼𝑟𝑟�𝜔𝜔𝑖𝑖 − 𝜔𝜔𝑗𝑗�        𝑠𝑠𝑓𝑓 �𝑓𝑓𝑟𝑟,𝑡𝑡𝑘𝑘 � < 𝜇𝜇𝑟𝑟𝑓𝑓𝑛𝑛𝑅𝑅𝑟𝑟 
 (17) 
where 𝜂𝜂𝑟𝑟 is the damping ratio, and 𝐼𝐼𝑟𝑟 is the equivalent moment of inertia for the relative 
rotation at the contact between two bodies. This component complies to a “slip-cut” 
behavior, which is only active before the contact rolling torque is fully mobilized and is 




Among these models, model IV was the most adopted, for its advantages over the 
other types of models (Ai et al. 2011): Model I treats particles at contact differently, which 
can lead to violations of equilibrium since different torques can be applied to particles in 
contact. Model II could result in rapid oscillations on the value of the rolling resistance 
torque when the relative rotation between two contacting bodies 𝜔𝜔𝑖𝑖 − 𝜔𝜔𝑗𝑗 = 0. Model III is 
defected when used for problems with static phase, where constant 𝑓𝑓𝑟𝑟𝑘𝑘  is required at 
particle contacts. In this thesis, we adopted model IV to better capture the rolling behavior 
although the resistive torques applied on particles are physically unrealistic. 
 
Figure 2.28: The rolling resistance contact model of type IV (Iwashita and Oda 2000). 
Figure 2.28 shows the rolling resistance linear contact model drafted by Iwashita and 
Oda (2000). Each contact in this model consists of a set of springs, dash pots, sliders, and 
no-tension joints for normal, tangential, and rolling directions, respectively. The 
components used in normal and tangential directions are the same as those in the original 
DEM model proposed by Cundall and Struck in 1979 (Cundall and Strack 1979). What 
makes the model different is the rolling component. Iwashita and Oda (2000) derived the 
rolling stiffness 𝑘𝑘𝑟𝑟 as a function of the tangential stiffness 𝑘𝑘𝑠𝑠 on the basis of equilibrium at 
contacts, where elastic shear induced displacements are at the same magnitude of rolling 
induced displacements (Iwashita and Oda 2000): 
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 𝑘𝑘𝑟𝑟 = 𝑘𝑘𝑠𝑠𝑅𝑅𝑟𝑟2 (18) 
In addition, the viscous damping rate 𝑐𝑐𝑟𝑟 = 𝜂𝜂𝑟𝑟�𝑘𝑘𝑟𝑟𝐼𝐼𝑟𝑟 was introduced in this model, which 
can be directly included into the calculation of resistance torques in model IV.  
 
Figure 2.29: Details of the relationship between the contact eccentricity and the resistance 
torque (Wensrich and Katterfeld 2012). 
Wensrich and Katterfeld (2012) pointed out that the resistive torque has a strong 
relationship with the eccentricity of the contact, which is illustrated in Figure 2.29. Since 
real soil particles are always non-spherical, contact forces not always pass through the 
centroids of the particles. A torque T, expressed as 𝑇𝑇 = 𝑒𝑒 ∙ 𝑓𝑓𝑛𝑛 , is generated by the 
eccentricity distance e from the normal contact force, which is at a comparable magnitude 
of the assumed rolling resistance defined in the contact model. Equating the torque 
generated by the eccentricity with the limiting rolling resistance in the model 𝑇𝑇𝑚𝑚𝑎𝑎𝑥𝑥 = 
𝜇𝜇𝑟𝑟𝑓𝑓𝑛𝑛𝑅𝑅𝑟𝑟, Wensrich and Katterfeld (2012) provided an approximate gauge of the coefficient 





where < 𝑒𝑒 > is the expectation of eccentricity over all possible contacts on the surface of 
a soil grain. Thus, to determine a rolling resistance coefficient for our model, we can start 
with a value calculated from equation 19. However, a carefully tuned constant factor should 
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be applied on it to correct the unrealistic assumption in the model that the shape effect only 
resists rolling at contacts. 
To calculate the eccentricity of clumped particles that consist of spherical pebbles, 
Wensrich and Katterfeld (2012) proposed a method based on Monte-Carlo procedure 
(Wensrich and Katterfeld 2012). They derived the expected eccentricity of ellipsoidal 
particles by calculating the eccentricity distance at an arbitrary point on a particle surface 
and averaging the calculated eccentricity distance over the surface of revolution (Figure 
2.30). Detailed calculation for both cases can be found in Wensrich and Katterfeld (2012). 
 
Figure 2.30: The sketch of the calculation of the eccentricity of an elliptical particle. 
The relationships between the coefficient of rolling resistance and the aspect ratio of 
oblate elliptical particles and two-pebble clump particles provided by Wensrich and 
Katterfeld (2012) were shown in Figure 2.31. The coefficient of the rolling resistance of 
binary clumps is always above the coefficient of oblate ellipsoid particles in the figure, and 
the difference between these two values becomes larger as the aspect ratio increases. 
Therefore, except for doubling the spherical/circular particle number, DEM models 
consisting of binary clumps also exaggerate the resistance of particle rotation caused by 
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shape effects. In this sense, the rolling resistance model has high potential of decreasing 
computation cost and closely simulating real soil particles.  
 
Figure 2.31: The coefficients of rolling resistance versus the aspect ratio of two types of 




CHAPTER 3. LABORATORY AND NUMERICAL STUDIES ON 
THE ANGLE OF REPOSE OF SANDS 
3.1 Introduction 
The stability of natural slopes and geotechnical structures such as retaining walls, 
pavements, and foundations has been one of the perpetual problems in the field of 
geotechnical engineering. A considerable body of research has been focused on 
understanding the problem and developing techniques to prevent slope failure from 
occurring. Among the properties of granular materials, particle shape plays a principal role 
in the flow, packing, and mechanical behavior of granular media (Ting et al. 1995; Jensen 
et al. 1999; Cho et al. 2006; Ng 2009; Fu et al. 2012; Abbireddy and Clayton 2015), yet it 
is not even taken into consideration in the soil classification systems. Thus, understanding 
the effects of particle shape on engineering properties of soil is paramount before 
immersing into studies on the simulations of penetrometer insertion. As discussed in 
Chapter 2, the discrete element method (DEM) is one of the most popular approaches for 
multi-scale studies on particulate systems in which stress/strain development (microscale) 
and force/displacement changes (macroscale) caused by particle-particle or particle-
continuum surface interactions can be traced through the time domain. Classic DEM 
models also do not associate with the shape effects and simplify particles as either circular 
disks (two-dimension) or spherical balls (three-dimension) with non-conforming flat or 
circular contacts that cannot resist relative rotation between particles or at particle-
continuum material interfaces. The contacts are always modeled by springs and dash pots 
in both normal and tangential directions (Cundall and Strack 1979). In addition, rotation of 
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particles is assumed to be either free or totally constrained. These assumptions are 
unrealistic because the surface profiles of real soil particles are always non-spherical and 
can be concave, which hinders the rotation of particles and consequently governs the 
strength and deformation of the particulate mass. Therefore, a parameter is needed in the 
contact model that can mimic the effect of particle shape which is the major contributor to 
the resistance of particle rotation. The causes of the resistance to particle rotation and 
theoretical contact models have been described in section 2.4. 
This chapter describes the methodologies used to perform experimental tests and 
numerical simulations on correlating the shape of granular materials to their engineering 
properties. In addition, the proposed testing method to determine angle of repose can be 
used to substitute the retracted ASTM standard C1444 (ASTM 2000). In the body of this 
chapter, soil and continuum surface properties, testing procedures, and corresponding 
numerical simulations are presented. In addition, the influence of particle shape on mass 
flow of sands is evaluated. 
3.2 Laboratory Experiments 
The angular properties of bulk granular materials such as internal friction angle and 
the angle of repose are considered to be greatly influenced by 1) the friction coefficient at 
contacts between particles and particle-continuum interfaces; 2) cohesion 3) bulk density 
and 4) particle shape (Aoki and Suzuki 1971). In this study, we only focus on the properties 
of clean dry sand, which is a non-cohesive material. Therefore, the effects of cohesion and 
bulk density can be neglected. Since the friction coefficient of sand particles were widely 
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studied, herein we conducted laboratory and numerical tests on angle of repose to mainly 
study the shape effects of particulate materials.  
Many researchers have performed laboratory tests and DEM simulations of static 
angle of repose of granular materials with a variety of testing procedures that mainly fall 
into two categories (Figure 3.1): 1) Funnel method: This type of test consists of pouring 
particles onto a flat surface through a container (hopper, funnel, etc.) with a predefined 
orifice on the bottom. The pouring of the particles is usually stopped when the sandpile 
reaches a predetermined height or the soil in the container is depleted (Zhou et al. 1999; 
ASTM 2000; Zhou et al. 2002; Ai et al. 2011; Liu et al. 2011; Nakashima et al. 2011; Ai 
et al. 2013; Zhu et al. 2013); 2) Hollow cylinder method: Particles are filled in a hollow 
container which is placed on a horizontal base. A heap of granular particles is then formed 
by carefully raising the container with a steady upward lift (Zhou et al. 1999; Li et al. 2005; 
Liu et al. 2012; Wensrich and Katterfeld 2012; Wensrich et al. 2014; ASTM 2015; ASTM 
2017). This method is mainly used to study the effects of loss or deterioration of lateral 
confinement on a slope or retaining walls.  
 
Figure 3.1: (a) The funnel method and (b) hollow cylinder method to determine angle of 
repose (modified from Rackl et al. 2017). 
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The ASTM standard C1444 falls in the first class and it has been withdrawn without 
replacement because of poor reproducibility and limited use in industry (ASTM 2000). The 
results obtained in the standard test may not directly apply to the safety of slopes and 
retaining walls since dynamic effects such as collision is involved during the test. It is 
difficult to determine the fall height and flow rate of the particles which reflects the 
deposition velocity and flow intensity that are critical to the flow patterns. In addition, the 
size of the outlet of the funnel has to be adjusted to specific soils in order to prevent particle 
jamming near the orifice. Consequently, determining these testing conditions can be 
challenging. Therefore, the second approach is adopted in this study. The test is based on 
the standard test methods for slump of hydraulic-cement concrete (ASTM C143) and flow 
consistency for controlled low strength materials (ASTM D6103) which have been used as 
quality control for concrete and compacted backfill (ASTM 2015; ASTM 2017).  
3.2.1. Apparatus for Angle of Repose 
Figure 3.2 shows the schematics of the apparatus, which is modified from the 
equipment designed for air pluviation and flow index test for sands (D'Andria 1996; Jang 
1997). The main components are listed below: 
Base: A flat deposition surface with selected material and controlled surface roughness is 
placed on the bottom and it supports the sand heap after the test. For most of the cases in 
this study, a glass sheet with uniform material properties and surface roughness is used. A 
special glass plate with a layer of Ottawa 20-30 sand particles glued on top is also used 
(Figure 3.3). The purpose of attaching a thin layer of the tested sand on the base is to unify 




Figure 3.2: The apparatus for the test of angle of repose. 
Hollow cylinder: Lajeunesse et al. (2004) have performed similar tests on granular flow 
and reported that the flow regime of tested sand is governed by the initial aspect ratio of 












inflection point of the ratio between specimen height and diameter is 0.74. According to 
the observations from Lajeunesse et al. (2004), the final height of the sand heap normalized 
with its radius and the angle of repose measured at the toes are stable when the ratio is 
larger than 2. In addition, due to the size limitation of the depositional base, a ratio of 2 
was used in the current study. The cylinder has an inside diameter of 3 inches (7.6 cm) and 
a height of 6 inches (15.2 cm) and it is impregnated with Teflon in order to minimize the 
friction between the inner surface of the hollow cylinder and the soil particles.  
 
Figure 3.3: The depositional bases used in the test. 
Linear bearings and shafts: The hollow cylinder is clamped onto a frame with a cylindrical 
holder. The frame is attached to 4 linear bearings that secure the vertical motion of the 
hollow cylinder. 
Metal wire and pulley system: The wires connect the lifting frame and the motor through 
a pulley system. The resultant force aligns vertically at the center of the frame such that 
movement of the hollow cylinder is precisely controlled. 
Motor and controller: To minimize the dependence of the operator, the hollow cylinder is 
lifted with a steady speed through the pulley system that is controlled by the motor 
Glass 
Glass with a layer of sand 
Thin layer of Ottawa 20-30
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controller. The relationship between the lifting speed and the nominal lifting speed shown 
on the controller is calibrated, and the results are presented in Figure 3.4. It shows that the 
tested speed linearly correlates to the nominal speed of the motor, albeit the tested speed is 
slightly smaller. The range of the lifting speed in the tests is between 5 to 200 mm/s. 
 
Figure 3.4: Calibration on the lifting speed. 
3.2.2. Testing procedures 
In this study, three type of sands from two different geological origins were used 
including Ottawa 20-30 sand (rounded to sub-rounded), Ottawa 50-70 sand (sub-rounded 
to sub-angular), and local Blasting 20-30 sand (sub-angular to angular). The grain size 
distributions and index properties of the sands are presented in Figure 3.5 and Table 3.1 
(Martinez 2015). By comparing the results obtained from tests with Ottawa 20-30 and 50-
70 sands, the effects of mean particle size are studied. On the other hand, to evaluate the 
influence of particle shape, the results of experiments with Ottawa 20-30 and Blasting 20-
30 are compared. The roundness is defined as the ratio of averaged surface features to the 
radius of the largest inscribed circle, which is a typical quantification of particle shape. 
Figure 3.6 shows that as the particle roundness increases, limiting void ratio and void ratio 
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range decrease. Similarly, the internal strength of the soil inversely correlates to the particle 
roundness, since the interlocking effect is a major source of the strength. 
 
Figure 3.5: Grain size distributions of sands used in this study. 
Table 3.1: Index properties of three sands used in the tests (adopted from Martinez 2015). 
Sand 𝐷𝐷50 (mm) 𝐺𝐺𝑠𝑠 𝐶𝐶𝑐𝑐 𝐶𝐶𝑢𝑢 𝑒𝑒𝑚𝑚𝑖𝑖𝑛𝑛 𝑒𝑒𝑚𝑚𝑎𝑎𝑥𝑥 
Friction angle 
(°) Roundness USCS 
Peak Residual 
Ottawa 
20-30 0.72 2.65 0.96 1.17
 0.72 0.54 38.5 29.2 0.73 SP 
Ottawa 
50-70 0.26 2.65 0.97 1.24
 0.85 0.58 37.5 31.8 0.50 SP 
Blasting 
20-30 0.72 2.65 0.96 1.22 1.13 0.70 43.5 34.6 0.32 SP 
 
Figure 3.6: The effects of particle roundness on packing and internal friction angle 

































































The diameter and height of the initial cylindrical samples are 7.6 cm and 8 cm, 
respectively. The testing procedure can be divided into following steps: 
Sand coloring: The sand grains were colored with soluble food coloring (various colors) 
which was also adopted by other researchers and it has been proved to have negligible 
influence on the soil properties (D'Andria 1996; DeJong 2001). 
Powder phenolic resin: To preserve the deformation of soil layers, the sands were mixed 
with 1% powder phenolic resin (Rutgers-Plenco LLC) by weight. When the resin is subject 
to 125°C, it cures and provides weak bonding at particle-particle contacts without altering 
sand properties (D'Andria 1996; DeJong 2001).  
Pluviator: The specimen was prepared in four even layers of alternate colors in the hollow 
cylinder on a selected flat base, each of which was air pluviated through a 3D-printed 
pluviator. As shown in Figure 3.7, the pluviator is a cylindrical container with four circular 
holes on the bottom.  
 
Figure 3.7: (a) Top view and (b) isotropic view of the pluviator. 
Sand pluviation: Based on the knowledge of specimen preparation via air pluviation, a high 







On the other hand, a large fall height (high deposition velocity) leads to high kinetic energy 
of the particles and usually yields a dense sample (Frost 1989; Jang 1997). Hence, to 
produce a loose sample, large hole size (2 cm in diameter) and low fall height (1 cm) were 
adopted in the study. Since a steady flow of the sand is required, the pluviator was 
continuously raised to compensate the rise in the soil surface. After each layer was 
deposited, the sand was flattened and tamped to a pre-determined height that was calculated 
based on a specified void ratio. To avoid undesired air flow during the specimen 
preparation, small openings were drilled on the base of the circular tamper. The schematics 
of the sample preparation procedures are exhibited in Figure 3.8. 
 
Figure 3.8: The schematics of the sample preparation procedure. 
Sandpile formation: After the specimen is produced, the hollow cylinder should be fastened 




to let the specimen flow on the base and form a conical sandpile. Then put the sample into 
oven and let it cure under 130°C overnight. 
Measurements and post processing: 4032 × 3024-pixel digital images of the top and four 
sides of the sandpile are taken to determine the diameter, height, and slope. The diameter 
of the sandpile is determined by fitting a circle to the outer boundary of it from the top 
view. Four images of the sandpile are taken from the side with 90° separations for further 
evaluation on the angle of repose. Then the flow patterns of the colored layers are captured 
by dissecting the heap vertically at the center after activation of the resin powder. The 
schematics of the image-taking process and a set of typical results obtained from the test 
are shown in Figure 3.9 and 3.10 respectively. 
 
Figure 3.9: Schematics of image capture for (a) sandpile diameter and slope angles and 





Figure 3.10:  Typical results obtained from the tests: (a) fitted diameter, (b) layer 
information, and (c) total height and slope angles. 
3.3 Experiment Results 
Before investigating the shape effects of soil grains on the angle of repose and 
granular flows, variables that may affect the results including measurement approach, 
lifting speed, density of specimen, and roughness of the base are studied.  
3.3.1. Measure approach 
The definition of angle of repose is usually vague and it should also depend on 
specific applications. One of the most commonly used definitions is the steepest slope of 
the unconfined soil, measured from horizontal plane on which the soil can be heaped 
without collapsing (Al-Hashemi and Al-Amoudi 2018). However, this definition is based 
on the assumption that the sand heap is always in a perfect conical shape. Different repose 
angles can be obtained if the shape of the heap deviates from an ideal cone. Three 
commonly observed deviations are summarized by Fraczek et al. (2007): 1) The peak of 
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the heap is truncated or is rounded; The surface of the heap is 2) concave or 3) convex 
(Fraczek et al. 2007). For example, as shown in Figure 3.10b, the surface profile of the 
sand heap is concave and depending on the different locations of measurement, distinct 
values 𝜑𝜑𝑏𝑏  and 𝜑𝜑𝑡𝑡  are obtained. As a result, the reproducibility and repeatability of 
measuring the repose angle is poor. This issue has only been addressed and discussed 
recently by several researchers. Fraczek et al. (2007) developed a method of angle of repose 
measurement based on digital image analysis technique (DIA) and linear regression of the 
heap outline (Fraczek et al. 2007). Rackl et al. (2017) further expanded this technique to 
3D and considered the impact of local shape deviations. With spatial data of the heap 
surface obtained from 3D scans, contours of heaps of a variety granular materials were 
achieved (Rackl et al. 2017). However, the authors only focused on quantifying the shape 
deviations of the heaps from a perfect cone, the indirect method based on the diameter and 
height of the heaps were still adopted to evaluate the angle of repose.  
 
Figure 3.11: The procedure of determining the angle of repose. 
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In this study, Fraczek et al. (2007)’s approach with some modifications was adopted. 
A flow chart of the measure process is summarized in Figure 3.11. After obtaining the 
high-resolution images of the sand heaps as described in Figure 3.9, the images are 
binarized.  The Moore-Neighbor tracing algorithm is performed to detect the boundary of 
the heaps. Then segment each of the sand heap boundaries into nine sections in the vertical 
direction, two least squares approaches are used and compared to approximate the slope 
angle of the sand heap.  
Method A: Starting from the bottom of the heap, linear regression was fitted to the contour 
of the first 𝒌𝒌 sections (𝑘𝑘 = 1,2,3, … ,9) and the slope of the linear approximation defines 
the repose angle.  
Method B: Similar to method A, linear regression was fitted to the contour of the 𝒌𝒌𝒌𝒌𝒌𝒌 
sections (𝑘𝑘 = 1,2,3, … ,9) and the slope of the linear approximation defines the repose 
angle.  
 
Figure 3.12: The schematics of measuring the angle of repose based on (a) method A and 




























Figure 3.12 shows the schematics of the measurement methods: the red horizontal 
lines denote the segmentation cuts. In Figure 3.12a, the angles 𝜑𝜑4𝑎𝑎 and 𝜑𝜑9𝑎𝑎 measured in 
method A represent the slopes of the linear regression lines for 4/9 and 9/9 of the sandpile 
surface profiles respectively. 𝜑𝜑9𝑎𝑎 is almost the same as the most common definition of the 
angle of repose mentioned above. The only difference is the utilization of linear regression 
instead of calculating the arctangent of the ratio between heap height and diameter. On the 
contrary, in Figure 3.12b, the angles 𝜑𝜑4𝑏𝑏 and 𝜑𝜑9𝑏𝑏 define the measured repose angles in 
method B based on the 4th and 9th segment of the sandpile contour respectively.  
Figure 3.12c shows the evolution of the angle of repose with respect to the measured 
portion of heap profile. In methods B, the measured slope of the bottom part of the sandpile 
has the largest value while the slope obtained from top portion is the minimum. The 
difference between the maximum and minimum is more than 10°. This phenomenon is 
attributed to the convex shape of the heap which is also reflected on the curve. Although 
this method captures the local shape of the heap surface, it is hard to relate slope stability 
to the local values. On the other hand, in the method A, the measured angle of repose has 
a similar trend and captured the shape of the heap surface (concave or convex),  𝜑𝜑9𝑎𝑎 even 
has a strong correlation with the commonly used indirect method to calculate the angle of 
repose. If the application of the repose of angle is to determine the slope stability, the mean 
value of all these nine measurements is recommended. In contrast, if the objective is to 
conclude the flow properties of the granular material, all the nine measurements should be 
evaluated. Because two sandpiles (one concave, one convex) can have the same measured 
angle of repose at some locations of their surfaces, but very different shapes which reflects 
 
 66 
distinct flowability and flow patterns. In the following context, method A is used for 
analysis. 
3.3.2. Lifting speed 
The lifting speed of the hollow container affects the results. Since the lifting speed 
defines how fast does the lateral support of the cylindrical sand specimen is lost, 
experiments with different lifting velocities can reflect distinct failure situations. For 
example, fast speed could correspond to a rapid failure of a steep face of a slope while slow 
speed can be used to simulate gradual failure process of soil structures. A series of 
experiments on Ottawa 20-30 specimens of 𝐷𝐷𝑟𝑟 = 65% with distinct lifting velocities in the 
range of 5 to 200 𝑅𝑅𝑅𝑅/𝑓𝑓 were conducted.  
Figure 3.13 illustrates the results, which shows that slower lifting speed result in 
larger angle of repose measured at any portion of the sand heap than does faster lifting 
velocities. This phenomenon agrees well with reported results in literatures (Lajeunesse et 
al. 2004; Liu 2011). In addition, from raising up the cylinder slowly to quickly, the shape 
of the formed heap transforms from convex to concave shapes. This phenomenon is 
attributed to the different flow rates at the bottom edge of the hollow cylinder container: 
When the lifting speed is low, the loss of the lateral support from the cylindrical wall is 
slow, which leads to low kinetic energy of the sand particles on the boarder of confined 
and unconfined zones. Moreover, since the flow rate is slow, the relative low energy of the 
moving particles is totally consumed by rotation and interparticle friction before they reach 
the toe of the sandpile. Thus, the convex shape is formed because of the sand particles are 
retained at the middle part of the heap. In contrast, when the lateral support is removed 
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quickly, the sand grains with large kinetic energy flow to the toe of the heap and they use 
up the energy on the friction at the base surface. As a result, the majority of the sand 
particles stopped at the toe causing a concave shape of the sandpile.  
 
Figure 3.13: The effects of lifting speed on the measurement of angle of repose. (a) angle 
of repose versus portion of specimen (b) angle of repose versus lifting speed. 
Figure 3.13 plots the relationship between the angle of repose and lifting speed 
applied to the container. The solid dots are the mean values of the repose angles measured 
on the hillside of the sand heaps. In the plot, the two range bars for each dot represent the 
maximal and minimal extents of the repose angle achieved in that specific loading 
condition. It clearly shows a bilinear correlation between the loading speed and the measure 
slope angle of the sand heap: When the vertical upraising velocity applied to the container 
is smaller than 70 𝑅𝑅𝑅𝑅/𝑓𝑓, the repose angle decreases dramatically with the increasing of 
the loading speed. Beyond the point of 70 𝑅𝑅𝑅𝑅/𝑓𝑓 , the change in the angle of repose 
becomes negligible. Combine the findings obtained from Figure 3.13a and b, the value of 
angle of repose highly correlates with the shape of the sand heap. When the surface of the 












































increases. In contrast, the angle of repose doesn’t change much when concave shape is 
observed. Thus, loading condition should be considered when determining the repose angle 
for a geotechnical application.  
3.3.3. Relative density 
The influence of packing on the angle of repose needs to be known since soil 
compaction is a common process in any geotechnical construction. In this section, a series 
of tests on Ottawa 20-30 specimens of four different relative density 𝐷𝐷𝑟𝑟 =
30, 45, 65, and 75% with constant lifting speed 20 or 100 𝑅𝑅𝑅𝑅/𝑓𝑓  were conducted. The 
results are presented in Figure 3.14. 
 
Figure 3.14: The effects of relative density on the measurement of angle of repose.        
(a) angle of repose versus portion of specimen (b) angle of repose versus relative density. 
In Figure 3.14a, when the uplift loading is slow (𝐷𝐷 = 20 𝑅𝑅𝑅𝑅/𝑓𝑓), the influence of 
the density of the tested sample is small, and the shape of the angle of repose – measure 
location curves are almost identical: the largest slope of each specimen is achieved at the 
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the sand heap. In addition, a slight concave bending happens at the middle of the heap. On 
the other hand, when the lifting speed is fast (𝐷𝐷 = 100 𝑅𝑅𝑅𝑅/𝑓𝑓), as stated in the last section, 
the angle of repose measured at any location on the sandpiles are smaller than those 
obtained from the heaps produced under slow loading speed. Similar to the cases for 𝐷𝐷 =
20 𝑅𝑅𝑅𝑅/𝑓𝑓, the difference of the measured angle of repose and the shape of sand heaps is 
marginal with respect to the changes of relative density of the specimen except for the 
specimen compacted to 𝐷𝐷𝑟𝑟 = 75%  of which further analysis is needed and will be 
discussed in section 3.4.  
Figure 3.14b plots the evolution of the mean angle of repose as well as the upper and 
lower bounds as a function of the relative density of the specimen under two distinct shear 
loadings. It is prominent that the influence of the relative density on the measurement of 
angle of repose is difference when varying the lifting velocity of the hollow cylinder. When 
𝐷𝐷 = 20 𝑅𝑅𝑅𝑅/𝑓𝑓, the repose angle increases with the relative density. On the other hand, it 
decreases, albeit minimally, as the relative density increases when the lifting speed is 
100 𝑅𝑅𝑅𝑅/𝑓𝑓. In addition, the change in angle of repose induced by the degree of compaction 
is greater in the tests of 𝐷𝐷 = 20 𝑅𝑅𝑅𝑅/𝑓𝑓, albeit the absolute value of the difference is not 
prominent (less than 1°). Furthermore, related to the shape of the produced sandpiles, at 
the same relative density, the range of the measured slope angle in the tests of 𝐷𝐷 =
20 𝑅𝑅𝑅𝑅/𝑓𝑓, is always larger than the counterpart in the experiments of 𝐷𝐷 = 100 𝑅𝑅𝑅𝑅/𝑓𝑓. In 
summary, the effects of relative density on the measurement of angle of repose is subtle in 
general. However, the influence varies when the loading speed applied to the hollow 
cylinder changes. As lifting speed increases, the influence diminishes. 
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3.3.4. Roughness of the base 
The roughness of the base on which the sand specimens are heaped has been reported 
to affect the angle of repose (Lajeunesse et al. 2004; Liu 2011). It was also previously noted 
from Figure 2.4 that the interface friction angle is controlled by the interface roughness 
which should also be considered in the measurement of angle of repose and the evaluation 
of sand flow. Two Ottawa 20-30 specimens compacted to relative density 𝐷𝐷𝑟𝑟 = 60% were 
tested under the same loading condition (𝐷𝐷 = 20 𝑅𝑅𝑅𝑅/𝑓𝑓) but heaped on different bases 
(smooth glass base versus glass base with a thin layer of Ottawa 20-30 sand grains shown 
in Figure 3.3). The purpose of using the special substrate is to avoid the influence of the 
interface roughness since the specimen is composed of the same soil grains as those fixed 
on the base. Thus, the mechanical properties of the contacts in the specimen and those at 
the sand-substrate interface are unified.  
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Figure 3.15 shows the results of these two experiments: The repose angle obtained 
from each portion of the sand heap deposited on the rough base is always larger than the 
corresponding angle acquired from the sandpile heaped on the smooth glass plate. In 
addition, the two curves are almost parallel with a constant vertical difference of 1° in the 
plot. It indicates that under the specified testing condition, the shape of the two heaps 
obtained after flow are almost identical so that the roughness of the base does not 
significantly affect the shape of the sand heap. It does however affect the measured angle 
of repose. 
3.4 Deformation Patterns of the Sand Layers in the Heaps 
As noted earlier, the flowability of soil is a key index parameter that highly correlates 
with particle shape. To understand the flow mechanism behind the difference on the 
measured repose angle under various initial conditions, the spill diameter and height at the 
center of each sand layer of the specimens is measured and analyzed. Similar to 3.3, the 
results are discussed with respect to the lifting speed of the hollow cylinder, the relative 
density of the sample, and the base roughness. 
3.4.1. Lifting speed 
In 3.3.2, we explored the changes of measured angle of repose as a function of lifting 
speed of the cylindrical container: As the speed increases, the angle of repose decreases. In 
addition, the reduction of the sand heap slope is more sensitive to the uplift of the hollow 
cylinder when the speed is below 70 mm/s  than above it. To understand what has 
happened in the sand heap and how do the sand particles interact, the samples after flow 
were dissected at center and the colored sand layers were revealed. Figure 3.16 shows the 
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shapes of the colored sand layers after lifting the container at various speed ranging from 
5 to 200 𝑅𝑅𝑅𝑅/𝑓𝑓. The flow patterns of the sand layers in the left column of specimens are 
significantly different from those on the right. The threshold of the abrupt changes is 
between 50 to 100 𝑅𝑅𝑅𝑅/𝑓𝑓, which is coincident with the turning point in the plot of angle of 
repose versus lifting speed shown in Figure 3.13b. 
 
Figure 3.16: The shapes of sand layers after flow under difference lifting speed condition. 
When the lifting speed is slow (< 70 𝑅𝑅𝑅𝑅/𝑓𝑓), sand particles near the core of the 
bottom two layers were displaced uniformly in the radial direction since the top surface of 
the two layers are relatively flat. On the other hand, the sand grains near the perimeter 
avalanched and formed parallel slanted surfaces at the toe. Referencing to the studies on 
dry granular flow, the sand flow in our experiments should be categorized to the “quasi-
static” regime (D'Andria 1996; Fall et al. 2015). In this regime, particles keep in contact 
and interact frictionally with neighbor particles.  
At higher loading velocities, referred to as the “grain inertia” regime of dry granular 









(Savage 1984). The bottom two layers were deformed into conical shapes with inflection 
points at the middle of the flanks. The curved shape is attributed to the frictional force 
between the inner wall of the container and the soil grains in contact. In the upper layers, 
the form of particle flow is similar to that of “quasi-static” regime, but the outline of the 
surface is more concave. 
 
Figure 3.17: (a) The height and (b) spill diameter of each layer of the specimens tested 
under different lifting speed. 
Figure 3.17 presents the detailed dimensions of the layers in tested sand samples. In 
the plot, from bottom to top, the sand layers are numbered from one to four. In the top three 
layers, as the velocity of the hollow cylinder increases, the sand particles obtain higher 
kinetic energy on account of the abrupt loss of lateral support. To dissipate the high energy, 
larger particle displacements are required. As a result, the sand grains were displaced 
further in the lateral directions which is represented as lower height and larger spill 
diameter. In contrast, the bottom layer behaves differently: The height of the layer at the 
center increases with the lifting speed because the faster the lifting speed is, the quicker 














































Nevertheless, the diameter of the bottom layer is believed to be merely controlled by the 
roughness of the base since it seems not influenced by the lifting speed.  
Figure 3.18 presents the changing pattern of the total height and diameter of the sand 
pile after flow with respect to the lifting speed of the hollow container. The height is subject 
to a 2nd order polynomial distribution while the spill of the sand pile is linearly related to 
the raising velocity of the hollow cylinder. From these observations, it could be concluded 
that the height of the sand heap is more susceptible to the change of loading speed than the 
spill when the speed is low. As the lifting speed increases, the change in diameter becomes 
more discernable. 
 
Figure 3.18: (a) Total height and (b) total diameter of the sand piles after flow. 
3.4.2. Relative density 
As mentioned earlier in 3.3.3 and Figure 3.14, in most cases the sample density has 
little effects on the shape of the sand heap and thus the measurement of the angle of repose. 
However, when the specimen is initially compacted to 𝐷𝐷𝑟𝑟 = 75% and loaded at a speed of 
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specimens compacted at lower densities. Hence, shown in Figure 3.19, the dissected 
specimens are evaluated herein to understand what caused the difference in the sand heap 
formation.  
 
Figure 3.19: The shapes of sand layers after flow with difference initial relative density. 
The deformation patterns of the first three samples are almost identical which agrees 
with the shape similarities of their outlines presented in Figure 3.14. As expected, the 
specimen of 𝐷𝐷𝑟𝑟 = 75% deformed in a unique mode. The core of the bottom layer was 
barely affected by the loss of lateral support, it is tall and preserves a flat top surface. The 
majority mass of the second layer from the bottom remained on top of the bottom layer and 
formed a conical shape. In the top two layers, the sand grains were not retained at the center, 
but flowed to the side of the heap. Especially for those in the top layer, they all moved to 








Figure 3.20: (a) The height and (b) spill diameter of each layer of the specimens with 
different initial relative density; (c) The total height and (d) the total diameter of these 
specimens. 
Figure 3.20 shows the heights and diameters of the whole specimens and each layer 
within them measured after the tests. When 𝐷𝐷𝑟𝑟 is below 60%, the heights of the bottom 
two layers decrease as the density increases. While the top two layers behaved oppositely. 
The diameters of each layers are almost identical. In contrast, when 𝐷𝐷𝑟𝑟 = 75%, the bottom 
two layers remained at their initial heights, while the majority mass of the top two layers 
flowed to the toe of the sand heap resulting in a thin third layer at the center and no sand 
grains of the top layer were retained at the core. As to the dimensions of the whole 














































































height and diameter. However, for the specimen initially compacted at 𝐷𝐷𝑟𝑟 = 75% and 
maybe even denser, the spill diameter is smaller, and the height is taller. 
 
Figure 3.21: (a) Layering patterns of sandpiles deposit on bases of different roughness 
and (b) the height and spill diameter of each sand layer in both specimens after test. 
3.4.3. Roughness of base 
It was seen in section 3.3.4 that although the shapes of the two sandpiles heaped on 
smooth glass and Ottawa 20-30 plates are almost identical, the slope angle of the heap 
deposited on the rough surface is always larger. Figure 3.21 provides detailed flow patterns 
and dimensions of the sand heaps after test. On the smooth base, the bottom layers have 
flowed laterally away from the core with low resistance. As a result, the heights of these 
layers are low, and the diameters are large. On the rough base, since the surface property 
of the substrate is the same as the sand specimen, the slope and dimensions of the sand 
heap should purely reflect the properties of the sand itself. The average slope angle of the 
















































laboratory direct shear test. In addition, shown in Figure 3.21b, the heights and spill 
diameters of the four sand layers at the center of this sandpile are linearly related, which 
further confirms the homogeneity of the properties at the base-particle interface and 
particle-particle contacts. 
3.5 The Influence of Particle Shape 
In this section, the effects of particle size (Ottawa 20-30 & Ottawa 50-70) and 
angularity of the sand grains (Ottawa 20-30 & Blasting 20-30) on the slope of the sand 
heaps are evaluated. In addition, laboratory tests on layered specimens that consist of two 
types of sands are performed. In this section, all the specimens are compacted to relative 
density 60% and heaped on the smooth glass base plate. 
3.5.1. Particle size 
Figure 3.22 shows the comparison between sand heaps consisting of Ottawa 20-30 
and 50-70 sand particles in terms of measured angle of repose, flow patterns, and 
dimensions of each sand layer after failure. The chosen sands have similar mechanical 
properties but particle size—the 𝐷𝐷50 of Ottawa 20-30 is about 3 times larger than that of 
Ottawa 50-70. From Figure 3.22a and b, the dimensions and patterns of the sand layers in 
these two specimens are very similar. However, the curves of the repose angle measured 
on the heaps are a little different: The Ottawa 20-30 specimen has almost constant slope 
angle at any location of the surface. In contrast, the top half of the heap consisting of Ottawa 
50-70 is similar to the one comprised of Ottawa 20-30, although highly concave shape at 
the toe is observed. Therefore, we can conclude that specimens made of small particles 
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tend to produce lower angle of repose. However, the particle size has minor effects on the 
flow patterns of sand layers.  
 
Figure 3.22: (a) Layering patterns of Ottawa 20-30 and 50-70 sandpiles (b) the height and 
spill diameter of each sand layer in both specimens after test and (c) the angle of repose 





































































Figure 3.23: (a) Layering patterns of Ottawa 20-30 and Blasting 20-30 sandpiles (b) the 
height and spill diameter of each sand layer in both specimens after test and (c) the angle 
of repose measured at different location on the surface of the sandpiles. 
3.5.2. Angularity of sand particles 
Figure 3.23 presents the influence of particle angularity on the measured angle of 
repose and flow patterns of sand layers after flow. Comparing with the effect of the base 




































































consisting of Blasting 20-30 sand grains is taller but narrower than the one composed of 
the lesser angular sand—Ottawa 20-30. In the Blasting 20-30 sandpile, the cores of the 
bottom two layers well preserved their initial heights. However, the flowability of its top 
two layers is superior to that of the corresponding layers in the Ottawa 20-30 specimen. As 
a result of the difference in flowability, the angle of repose measured on the surface of 
Blasting 20-30 sand heap is consistently higher than the angle obtained from the Ottawa 
20-30 sandpile. With all the findings, it is evident that higher angularity of sand grains 
results in larger angle of repose. Moreover, high angularity prominently hinders relative 
movements of the particles near the interfaces between particulate and base continuum 
media.  
3.5.3. Layered sand systems 
Most of the studies on angle of repose are subject to homogeneous specimens. 
However, in practice inhomogeneity is common because of soil stratification. Therefore, 
studying the response of inhomogeneous layered systems as a whole should provide more 
accurate estimation of angle of repose than several idealized homogeneous systems. Herein, 
four specimens with alternate sand layers of the same volume and relative density were 
prepared. From bottom to top, the layers of the four specimens are composed of (a) Blasting 
20-30, Ottawa 20-30, Blasting 20-30, and Ottawa 20-30; (b) Ottawa 20-30, Blasting 20-30, 
Ottawa 20-30, and Blasting 20-30; (c) Ottawa 20-30, Ottawa 50-70, Ottawa 20-30, and 
Ottawa 50-70; (d) Ottawa 50-70, Ottawa 20-30, Ottawa 50-70, and Ottawa 20-30. The 
corresponding sand layer deformation of these four specimens are shown in Figure 3.24a, 




Comparing Figure 3.24a and b, the difference of the sand layer deformation is 
apparent, and the bottom layer dominates the deformation patterns: specimen (a) with 
Blasting 20-30 sand grains on the base deforms similarly to the homogeneous Blasting 20-
30 specimen shown in Figure 3.23a. On the other hand, specimen (b) with Ottawa 20-30 
on the bottom shares considerable similarities with the Ottawa 20-30 sample exhibited in 
Figure 3.19. On the other hand, the other pair of tests performed on specimens (c) and (d) 
barely show difference pertaining to the patterns of the sand layers after flow. This 
observation is expected since Ottawa 20-30 and 50-70 have very similar physical properties 
except for the particle size. It also confirms that the particle size has subtle influence on 
the formation of sand heaps in our experiments.  
 
Figure 3.24: The section views of the inhomogeneous sand heaps. 
Figure 3.25a compares the angle of repose obtained from specimens (a) and (b) with 
the results summarized from homogeneous Blasting 20-30 and Ottawa 20-30 specimens. 
It reveals that the curves for mixed specimens lie in between the lines for the homogeneous 
samples. More interestingly, the specimen with particles of low angularity on the bottom 
yields consistent higher angle of repose. On the other hand, Figure 3.25b compares the 





patterns observed from Figure 3.22, the toe of the heap purely consisting of Ottawa 50-70 
tends to be concave. However, the heterogeneous specimen with Ottawa 20-30 on the base 
behaves even more concave on the bottom half of the produced heap after test. These 
findings indicate that the deformation or flow patterns of the sand layers are determined by 
the properties of the particle on the bottom of the specimen while the angle of repose is 
governed by the properties of the sand in the top layer. 
 
Figure 3.25: Measurements of angle of repose from layered and homogeneous sandpiles: 
(a) Blasting 20-30 versus Ottawa 20-30, and (b) Ottawa 20-30 versus Ottawa 50-70. 
3.6 Assessment of the Repeatability of Experiment Results 
To assess the repeatability of the laboratory results presented above, repeated 
experiments under various conditions were performed. The varied testing parameters 
include initial relative density, lifting speed, particle angularity, and particle size. Figure 
3.26 shows the comparisons of repose angles and layer deformations in each pair of tests. 
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Figure 3.26: The comparisons of sand layer deformations, measured angle of repose, and 
the difference in repose angle of repeated tests under different testing conditions. 
Table 3.2: Measurement errors of the angle of repose tests. 
Testing group Varied factor Absolute error range Mean error 
(a) & (b) Relative density 
0° - 1.05° 
vs. 




(b) & (c) Lifting speed 
0.25° - 0.7° 
vs. 




(c) & (d) Particle angularity 
0.1° - 1.8° 
vs. 




(c) & (e) Particle size 
0.33° - 1.6° 
vs. 

























































In general, good repeatability is observed from all pairs of replicate tests. The largest 
measurement error usually occurs at the toe of the sand heap, while the most stable 
measurement of the angle of repose is achieved in the middle of the heap surface. However, 
shown in Figure 3.26e, layer deformation is different between the repeated tests on Ottawa 
50-70 sand. The disparity is probably due to the initial relative density of the specimen 
since similar patterns are also observed in Figure 3.19. It indicates that the critical initial 
relative density to trigger the change of deformation patterns of the Ottawa 50-70 
specimens is close to the tested density (60 %) which is lower than that of the Ottawa 20-
30 specimens (75 %). 
3.7 Angle of Repose and Friction Angle 
Many researchers have claimed that the angle of repose is a fair estimate of critical 
state friction angle when the soil is in its loosest state and under low stress confinement 
(Santamarina and Cho 2004; Sadrekarimi and Olson 2011). Terzaghi et al. (1996) defined 
the friction angle obtained from triaxial tests: 








Where 𝑓𝑓  is the axisymmetric principal stress ratio, 𝜎𝜎1′  and 𝜎𝜎3′  are the major effective 
principal stresses, respectively (Terzaghi et al. 1996). 
To evaluate the relationship between the angle of repose measured in the proposed 
test and the friction angle of the sand specimen, triaxial tests (CIDC) (according to ASTM 
D 7181-11) on Ottawa 20-30 sand were performed. The machine used for the triaxial test 
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(GEOTAC system by Trautwein Soil Testing Equipment CO.) was equipped with a vertical 
load cell and an LVDT that allowed measuring the applied vertical load and axial 
displacement from the top platen (ASTM 2011). The specimens were compacted to a 
relative density 𝐷𝐷𝑟𝑟 = 60% and a 50 kPa confining pressure was applied during the test. 
With the knowledge of the dimensions of the sample (D = 2.8” and H = 5.5”), the results 
were analyzed in terms of stress and strain. Figure 3.27 shows the results of replicate 
triaxial tests on Ottawa 20-30 sand. In the plot, volumetric change was monitored by 
reading the water level in the burette on the pressure penal every 5 minutes. Typical 
responses such as the slight volume contraction was not observed at the very beginning of 
the experiment, which is attributed to the adopted large reading interval. From the figure, 
we can see that the results of the laboratory tests are fairly consistent and highly repeatable. 
 
Figure 3.27: (a) Stress-strain curve and (b) volumetric strain-axial strain curve obtained 
from replicate laboratory triaxial tests on Ottawa 20-30 sand. 
According to the equations (20) and (21), the peak and critical state friction angles 
obtained from these tests are 𝜑𝜑𝑝𝑝 = 35.8° and 𝜑𝜑𝑐𝑐𝑠𝑠 = 31.5°, respectively. Since the peak 
friction angle always depends on specimen density and stress path, critical state friction 
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angles were always reported in the literature. The result 𝜑𝜑𝑐𝑐𝑠𝑠 = 31.5° agrees well with the 
range of critical state friction angle for quartz sands (30° − 37°) reported in literature 
(Bolton 1986). Santamarina and Cho (2001) reported that the critical state friction angle of 
Ottawa 20-30 sand is 28°, which is slightly smaller than the result we achieved from the 
triaxial tests (Santamarina and Cho 2004). Studies have shown that the critical state friction 
angle cannot be uniquely determined from particle mineralogy and roughness, but also 
particle shape and particle size distribution, and this impact always contributes to 5 − 6° 
of the mobilized friction angle (Terzaghi et al. 1996; Sadrekarimi and Olson 2011). Thus, 
the critical state friction angle 31.5° is in the range reported.  
The angle of repose of Ottawa 20-30 sand measured in the laboratory tests is in the 
range of [19°, 31°] depending on the varied testing conditions including loading speed, 
base roughness, and relative density. The averaged angle for the sandpile heaped on the 
rough flat surface with a lifting speed of 20 𝑅𝑅𝑅𝑅/𝑓𝑓 is 30.5°. This indicates that the angle 
of repose obtained with a slow lifting speed has good agreement with the critical state 
friction angle.  
3.8 Numerical Model 
3.8.1. DEM model setup 
Although the laboratory tests introduced above are straightforward and not 
complicated to conduct, customized equipment is required. In general, sample preparation 
in laboratory tests is a major source of the testing error and the test proposed herein is no 
exception. In contrast, numerical approaches have the advantage of reproducing samples 
with exactly the same initial condition. Therefore, to achieve better reproducibility, a 3D 
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DEM model was studied to simulate the angle of repose test introduced above. In addition, 
the rolling resistance contact model was calibration through this model which is also 
adopted in the following DEM models. 
 
Figure 3.28:  The schematic of the 3D DEM model for the angle of repose test. 
Figure 3.28 shows the schematic of the numerical model, which is a virtual replica 
of the physical setup of the angle of repose test introduced in 3.2. A specimen composed 
of spherical particles is compacted under gravity in a cylindrical chamber that is not closed 
on the bottom. The cylindrical wall is frictionless during the simulation to account for the 
low friction between the Teflon impregnated cylinder and sand particles. A cap closes the 
hollow cylinder on the top to prevent soil grains flying away. The sand specimen is heaped 
on a base by assigning a constant upward velocity on the cylinder. In the figure, a thin layer 
of sand particles is attached to the top surface of a flat plate to simulate the customized flat 
sand base on the purpose of homogenizing the properties at the sand-substrate interface 
and sand-sand contacts. Note that the base can be attached with particles of different 
properties or changed to a smooth flat plate to meet different testing purposes.  
Since the simulation of the test is a dynamic problem, tiny timestep is required to 





of Ottawa 20-30 sand was enlarged by a factor of 5.4 to 4 mm in the simulation. The 
particle-particle contacts are subject to the linear contact model with rolling resistance. On 
the other hand, to keep the customized base from breaking apart, extremely strong parallel 
bond components were applied on the contacts between the base and the layer of particles 
to resist forces and moments.  
Table 3.3: Parameters of the 3D DEM model for the angle of repose test. 
Sample Height (mm) 80 Stiffness ratio (𝒌𝒌𝒏𝒏 𝒌𝒌𝒔𝒔⁄ ) 1.5 
Sample Diameter (mm) 76 𝝁𝝁𝒄𝒄𝒄𝒄𝒏𝒏𝒌𝒌𝒎𝒎𝒄𝒄𝒏𝒏𝒄𝒄𝒄𝒄 0.0 
𝑫𝑫𝟓𝟓𝟓𝟓 (mm) 4 𝝁𝝁𝒃𝒃𝒎𝒎𝒔𝒔𝒄𝒄 1.0 
Density (kg/m3) 2650 Bond modulus 𝑬𝑬𝒃𝒃 (Mpa) 1.0 
Relative density 60% 𝝁𝝁𝒃𝒃𝒎𝒎𝒃𝒃𝒃𝒃 0.4 
Young’s modulus E (MPa) 1.0 𝝁𝝁𝒄𝒄 0.2 
 
A list of parameters we used in these 3D models are summarized in Table 3.3. A 
modulus of 1MPa was used since it is sufficient to ensure that the system remains within 
the rigid grain limit (Itasca Consulting Group 2016), so that contact overlaps are small 
compared to the particle size. In addition, this relatively low stiffness can decrease the 
critical timestep since they are inversely related. The size of the cylindrical container, the 
density of soil, and the initial state of the specimen were kept the same as the laboratory 
counterparts. Since the Ottawa sand used in the laboratory tests mainly consists of quartz, 
the choice of 𝜇𝜇𝑏𝑏𝑎𝑎𝑏𝑏𝑏𝑏 should be based on the friction coefficient of quartz mineral. Taking 
account of surface roughness, cleanness, and water content, Mitchell and Soga (2005) 
summarized that the coefficient of friction is in the range of 0.3 to 0.7 based on the data 
reported in literature. A value of 0.5 is suggested to start with since the soils in nature are 
usually not smooth and chemically clean (Horn and Deere 1962; Bromwell et al. 1966; 
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Procter and Barton 1974; Mitchell and Soga 1993; Cavarretta et al. 2010; Senetakis et al. 
2013). With a simple trial and error procedure, 𝜇𝜇𝑏𝑏𝑎𝑎𝑏𝑏𝑏𝑏 = 0.45 was applied to the particle-
particle contacts. On the other hand, the rolling resistance coefficient 𝜇𝜇𝑟𝑟 was determined 
based on relationship between 𝜇𝜇𝑟𝑟 and the aspect ratio of particle shown in Figure 2.31. 
Since the mean aspect ratio of Ottawa 20-30 grains is about 1.3 (Lee 1998; Lu 2010; 
Martinez 2015), 𝜇𝜇𝑟𝑟 was set to 0.2.  
3.8.2. Reproducing laboratory results 
The purpose of this section is to utilize this preliminary model to evaluate the 
effectiveness of using rolling resistance coefficient as a shape parameter in the DEM 
simulation in the context of granular flow under the condition of low lateral confinement. 
Since the particle size in the simulation is large such that the surface of the sandpile is 
jagged, a numerical method to calculate the averaged slope angle provided by PFC 5.0 
suite was adopted: The method involves identifying particles on the free surface of the heap 
whose neighboring distances equal to the 𝐷𝐷50. Based on these identified particles, a cone 
is fitted whose slope angle is the averaged angle of repose (Itasca Consulting Group 2016).  
Figure 3.29 exhibits the averaged angle of repose of the Ottawa 20-30 sand heaped 
on the smooth glass base as a function of the loading velocity in both laboratory tests and 
numerical simulations. The difference between the angles obtained from physical and 
virtual tests is within 1° when the raising speed applied to the cylindrical container is faster 
than 50 𝑅𝑅𝑅𝑅/𝑓𝑓. However, when the lifting speed is 20 𝑅𝑅𝑅𝑅/𝑓𝑓, a 4° discrepancy in the 




Figure 3.29: The effects of lifting speed on the averaged angle of repose in both 
laboratory and numerical tests on Ottawa 20-30 sand. 
Figure 3.30 compares the section views of the sandpiles obtained from laboratory 
tests and DEM simulations under the same testing conditions (heaped on the rough base). 
Although minor difference is observed, the deformation patterns of the colored sand layers 
shown in the DEM simulations resemble the results gained from the physical tests exhibited 
on the left of the figure. When the loading speed is fast (100 𝑅𝑅𝑅𝑅/𝑓𝑓), the difference in the 
averaged angle of repose between the simulation and laboratory test is negligible. On the 
other hand, the angle obtained in the DEM simulation is about 2° higher than the laboratory 
counterpart. However, this discrepancy is lower than that shown in Figure 3.28 indicating 
that the current rolling resistance model works better in the system with rough depositional 
surface. As mentioned in Chapter 2, DEM simulations have the advantage of discovering 
microscale soil behavior, for the fact that each of the entities (particles) in the simulations 
can be studied alone. In the following sections, soil behavior during the angle of repose 






























Figure 3.30: The deformation of colored Ottawa 20-30 layers in laboratory tests and 
DEM simulations. 
3.8.3. Particle displacement trajectory 
The progress of the deformation of each sand layer can be studied by tracking the 
centroids of particles in the specimen during the simulation. Since the simulation is 
axisymmetric, the particles in a plane (x-z plane shown in Figure 3.31) that cuts through 
the vertical axis of the specimen were monitored. The particle displacements were achieved 
by tracking the changes of particle positions in the specimen between two consecutive 
measurements. The measurement interval in this study was set to be 1/5 of the total 
simulation time. Each of these measurements are represented by a directional arrow whose 
length is the displacement normalized with the largest value in the specimen. In addition, 
hot colors denote large particle displacements.  
Figure 3.31 compares the results of the simulations performed with loading speed of 
𝐷𝐷 = 10 𝑅𝑅𝑅𝑅/𝑓𝑓 and 𝐷𝐷 = 100 𝑅𝑅𝑅𝑅/𝑓𝑓. It shows that in both simulations, triangular zones of 
low particle displacement were formed at the core of the specimens. The zone observed in 
simulation with high lifting speed has lower height but larger width, which agree with the 
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speed of 𝐷𝐷 = 100 𝑅𝑅𝑅𝑅/𝑓𝑓. In addition, the high lifting speed triggered larger lateral particle 
displacements and the largest displacements occurred at the toe of the heaps. This is 
because the cylindrical container was raised abruptly, the upper portion of the specimen 
moved as a block.  At the end of simulation, other than energy dissipation, the rest of the 
potential energy was converted into kinetic energy, resulting in large particle displacement 
at the toes. On the other hand, the largest particle displacements happened at the middle of 
the hillside of the heap in the simulation with 𝐷𝐷 = 10 𝑅𝑅𝑅𝑅/𝑓𝑓. This phenomenon agrees 
with the observation that the soil particles in the upper layers are concentrated at the middle 
of the flanks. Moreover, the particles originally located on the x-z plane also underwent 
off-plane (y axis) displacements and the largest off-plane displacements in these two 
simulations were also observed at the locations observed on the x-z plane.  
 
Figure 3.31: The trajectories of monitored particles in x-z, x-y, and y-z planes. 
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3.8.4. Particle rotation 
Studies have shown that particle rotations have a strong correlation to concentrated 
particle movements, thus, it is also expected to be related to the patterns of granular flow 
(Iwashita and Oda 1998; Iwashita and Oda 2000; Wang et al. 2007). Figure 3.32 shows the 
comparison of particle rotation in both simulations at three different stages. The rotations 
of particles are evaluated with respect to the magnitude of Euler angle whose unit is degree 
(°).  
 
Figure 3.32: Particle rotation in the y-z plane. 
At the middle stage, significant particle rotations are observed at the toes of the sand 
heaps. In the case of 𝐷𝐷 = 10 𝑅𝑅𝑅𝑅/𝑓𝑓, the particles in the container (upper portion) have 
gained momentum to roll at this stage. Nevertheless, under the fast loading condition, since 
particles in the upper portion of the specimen were not able to react to the abrupt loss of 






lateral confinement, they moved as a block and no apparent particle rotations have been 
identified. At the end of the simulations, in agreement with the particle displacements, 
triangle-shaped zones of low particle rotation are observed (highlighted with black 
triangles). Outside these zones, the particle rotation is more uniformly distributed on the 
flanks of the heap when the lifting speed is 𝐷𝐷 = 10 𝑅𝑅𝑅𝑅/𝑓𝑓 . In contrast, when 𝐷𝐷 =
100 𝑅𝑅𝑅𝑅/𝑓𝑓, large rotations are mostly observed at the toes, and the particles above the 
“triangle zone” underwent relatively smaller rotations. 
3.8.5. Stress distribution on the depositional base 
The stress distribution on the depositional base is presented in Figure 3.33. In Figure 
3.33a, the base plate was evenly divided into 30 × 30 squares; Each of the bars represents 
the pressure calculated as the sum of the contact forces in the square divided by the square 
area. Figure 3.33b plots the averaged stress in half space with respect to the distance to the 
x axis (negative value means on the left side of x axis). When the lifting speed 𝐷𝐷 =
100 𝑅𝑅𝑅𝑅/𝑓𝑓, local stress on the substrate is always larger, and the stress change from the 
center to the periphery is more prominent. This phenomenon agrees with the taller heap 
formed in simulation with a lifting speed of 𝐷𝐷 = 10 𝑅𝑅𝑅𝑅/𝑓𝑓. In addition, in both simulations, 
the largest local stresses occurred at the centers of the sandpiles. This finding seems against 
the classic stress dip at the center of the sandpile formed in the “funnel method” shown in 
Figure 3.1. However, studies showed that the location of the stress dip moves off the center 
axis when the size of the deposition jet increases (Ai et al. 2013). This phenomenon is also 
observed in Figure 3.33b which is reasonable if we see the cylindrical container adopted in 




Figure 3.33: (a) Stress distribution on the depositional base (b) averaged stress with 
respect to the distance to x axis. 
 
Figure 3.34: Energy dissipation by the (a) shear slider, (b) rotation slider, (c) dashpots, 
and the (d) kinetic energy of the particle systems. 
3.8.6. Energy dissipation 
Energy tracking is another benefit that DEM simulation offers. Figure 3.34 shows 
the energy dissipation by the components of the rolling resistance contact model and the 
evolution of kinetic energy of all particles in the sand heaps. Comparing the results of the 
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two simulations, the amount of energy dissipated by the shear slider is almost identical. In 
the simulation with a lifting speed of 𝐷𝐷 = 100 𝑅𝑅𝑅𝑅/𝑓𝑓, less energy is consumed by particle 
rotation, which is in conformity to the results shown in Figure 3.32. In addition, the viscous 
dashpot in this simulation dissipates more energy than that in the simulation conducted 
with  𝐷𝐷 = 10 𝑅𝑅𝑅𝑅/𝑓𝑓. Since the dashpot is proportional to the particle velocity, it shows that 
the particles in the test of 𝐷𝐷 = 100 𝑅𝑅𝑅𝑅/𝑓𝑓 have greater kinetic energy, which is proved in 
the last subplot of Figure 3.34. 
3.9 Conclusions and Observations 
To study the effects of particle shape on engineering properties of sands, a new 
testing method to determine angle of repose was developed. The artificially cemented 
sandpiles cured after the tests were evaluated to analyze the influence of testing procedures 
and soil properties on the measurement of angle of repose. In addition, a qualitative 
understanding of the flow patterns of the tested sand was achieved by assessing the 
deformation of the colored layers in the specimens. A summary of the conclusions and 
observations from the current study are presented below: 
• The current practice to determine the angle of repose of sands is based on the 
assumption that the sand heaps formed in the tests are in perfect conical shape. 
However, the surface of the sand heap can also be concave or convex. In addition, 
the peak can be truncated or rounded. Thus, a new measurement approach of angle 
of repose utilizing digital image processing was designed and implemented which 




• The results have shown that the angle of repose obtained with a slow lifting speed 
(≤ 20 𝑅𝑅𝑅𝑅/𝑓𝑓) has good agreement with the critical state friction angle obtained from 
classic laboratory tests. 
• This test has a similar configuration that a granular mass is suddenly released on a 
horizontal surface as in a cliff collapse. The angle of repose of soils obtained from 
this test can be used to evaluate the safety of slopes since the failure mechanism is 
similar to the rock avalanches or debris flows. In addition, it has advantages over 
classic laboratory experiments such as direct shear test in which shear plane is 
artificially created, and triaxial test in which boundary effects such near the platens 
and membrane cannot be avoided.  
• A triangular zone at the core of the sand heap is always observed in the angle of 
repose tests. Under different testing conditions, the size of the zone changes. In order 
to trigger the granular flow of such zone, a cone-shaped surface can be placed under 
the specimen before triggering the flow. This testing configuration forces all the 
particles flow on the cone surface, as a result, measurements related to the properties 
of particles and particle-cone interfaces can be studied. In addition, the modified 
testing setup is similar to a CPT if we turn the view upside down. Thus, connections 
between the measurements obtained from CPT and the modified angle of repose tests 
can be made. 
• The lifting speed applied to the cylindrical container prominently affects the shape 
of the sand heap and the angle of repose. A bi-linear relationship between the lifting 
velocity and the angle of repose is observed. When the lifting velocity is smaller than 
70 𝑅𝑅𝑅𝑅/𝑓𝑓, the angle of repose decreases dramatically with the increasing of the 
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raising speed. The core of the sand heap was barely deformed while the sand near 
the perimeter avalanched and formed parallel slanted surfaces at the toe. Referencing 
to the studies on dry granular flow, the sand flow is in the “quasi-static” regime. In 
this regime, the surface of the sand heap is convex. In contrast, when the raising 
speed is beyond 70 𝑅𝑅𝑅𝑅/𝑓𝑓, the loading speed has less impact on the angle of repose. 
the flow of the sand particles is fully dynamic, and the sand behaves like a fluid. 
Referring as the “grain inertia” regime of dry granular flow, the surfaces of the 
produced sandpiles in this regime are always concave.  
• In the CPT, the choice of the standard penetration rate, 20 mm/s was mainly based 
on soil drainage conditions. However, the configurations of cone tip insertion and 
the proposed angle of repose tests are very similar. When the lifting speed is slow, 
the flow patterns of the soil around the cone tip should be similar to the specimens 
in the angle of repose tests, since the vertex angle of the cone is close to that of the 
triangular steady zone observed at the core of the sand heaps. However, when the 
lifting speed is high, the vertex angle of the triangular zone is an obtuse angle. As a 
result, a more obvious difference in flow patterns is expected when the penetration 
rate or lifting speed is large.  
• While the angle of repose of the sand heap increases with the initial relative density 
of the specimen, the changes are usually subtle. An exception was observed when 
the specimen was compacted to 𝐷𝐷𝑟𝑟 = 75% and loaded at a speed of 100 𝑅𝑅𝑅𝑅/𝑓𝑓 in 




• The repose angle of the sandpile heaped on a rough plate is higher than that deposited 
on the smooth substrate. On the rough base, the sand cone is taller but narrower than 
the cone formed on the smooth base. The main cause of the difference is that the 
rough base resists the lateral movements of the sand particles in contact and preserves 
the initial height of the bottom layer. By comparison, the smooth base could not hold 
the bottom layer of sand in place resulting in a large spill diameter. 
• The particle size has no prominent impact on the angle of repose. However, the shape 
of the sand heap composed of smaller grains is more concave at the toe. 
• Similar to the effects of the surface roughness of the base, the angle of repose 
increases with the particle angularity since the angularity hinders the sliding and 
rolling of the particles on the flat surface. 
• By examining the flow patterns of specimens consisting of alternate layers of 
different types of sands, we further confirmed that the interface between the bottom 
sand layer and the base plate plays a paramount role on the heap formation. The 
layered sand system and a homogeneous specimen composed of the same sand as 
deposited on the bottom have similar deformation patterns. In addition, the repose 
angle of the layered sand system falls between the values gained from homogeneous 
specimens that consist of merely one sand. 
• A preliminary 3D DEM model for the angle of repose test was developed. The 
simulation results showed good agreement with the findings of laboratory tests. In 
addition, microscale response and energy dissipation show the mechanisms behind 




CHAPTER 4. BUILDING NUMERICAL SIMULATION MODELS 
4.1 Introduction 
The current study extends and complements several previous researches on 
laboratory tests and 2D DEM numerical simulations of interface shear performed by 
DeJong (2001), Hebeler (2005), and Martinez (2015). The particle flow code (PFC) 
developed by Itasca Consulting Group Inc., a commercial software based on the concept 
of DEM, was used in the studies mentioned above and will be adopted in this research as 
well. DEM involves updating particle motion and contact forces alternately in an 
incremental way: A force-displacement law is used to calculate forces at contacts arising 
from initial overlaps, and the effects of these forces on particles (e.g., speed, acceleration) 
are determined from Newton’s second law. Detailed implementation and validation of the 
DEM is beyond the scope of this study, please refer to work done by Cundall and Strack 
(1979) for further information.  
This chapter summarizes the creation of the 2D and 3D DEM models for studying 
both axial and torsional interface shear behavior between medium-sized sand and sleeve 
attachments of distinct surface roughness provided by various heights of diamond-shaped 
textures. It is beneficial to extract and conclude the findings and interpretations obtained 
from previous related studies and keep them in mind to explain and assess the findings of 
the current research. The configurations of existing and new 2D and 3D DEM simulations 
are going to be briefly described. The results of each model will be detailed in the following 
three chapters. In the end of this chapter, parametric studies of simulations on triaxial tests 
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are followed to serve as the guides for the choices of parameters used in the 3D simulations 
on axisymmetric shear tests performed in this study. 
4.2 Review of the Existing 2D Models of Axisymmetric Shear Tests under the 
“Perfect Insertion” Condition 
To compare with laboratory test results and get insights of the mechanical behavior 
at soil-device interfaces, Martinez (2015) built 2D models of axisymmetric shear tests 
under a “perfect insertion” condition that closely resemble the laboratory tests under axial 
and torsional shear. Two-pebble clumps were generated to simulate Ottawa 20-30 sand 
used in laboratory tests. Lee (1998) analyzed microscope photos and reported that the 
aspect ratio (length of long axis/ length of short axis) of Ottawa 20-30 sand ranges from 
1.0 to 1.9 with an average of 1.28. To compensate the difference between 2D and 3D space, 
clump particles with an aspect ratio of 1.3 were used in the model. In order to decrease the 
total particle number and consequently the computation cost for the simulations, the mean 
particle size was enlarged by a factor of 2.2. Figure 4.1 shows the comparison in particle 
size between the soil used in laboratory tests and its counterpart in the 2D models. The 
specimens were assembled with radius expansion method (REM):  Frictionless particles 
with reduced radii were randomly placed in the virtual chamber to avoid extremely large 
overlaps/contact forces between particles. Then soil grains were expanded until the desired 
initial density was reached, and they were cycled to equilibrium to remove the overlaps 
resulting from the particle expansion. The linear elastic contact model was applied to all 
contacts, which is simple but proved to be effective to simulate large-deformation problems 




Figure 4.1:  Size distributions of Ottawa 20-30 sand and its counterpart in the 2D models. 
The virtual chamber for axial interface shear tests consists of a two-sided box that is 
350 mm × 55 mm in dimensions on each side, shown in Figure 4.2a. Each half of the 
chamber is composed of three walls, among which the top and bottom walls are fixed while 
the lateral wall serves as a servo control device that can apply required confinement 
pressure on the specimen. A 110 mm long textured sleeve with the ability of moving 
vertically was positioned between the two halves of the chamber. Since the 2D model 
cannot reproduce the spatial geometries of the sleeves shown in Figure 2.17a, an outline 
across the peaks of a column of diamond-shape textures was captured to represent the 
friction sleeve in 2D, shown in Figure 4.3a. On the other hand, the virtual chamber used in 
torsional tests is represented by a circular wall of 140 mm in diameter with confinement 
control. Similar to the representation of the textured sleeve in axial shear tests, a set of 
segments across the peaks of a row of the textures was captured to represent the textured 
sleeve in torsional tests in 2D as shown in Figure 4.3b. In this way, this model does not 
account for the disturbance resulting from cone tip insertion in the field. Later in this thesis, 




Figure 4.2: The 2D DEM models for (a) the axial and (b) torsional axisymmetric shear 
tests (Martinez 2015). 
 
Figure 4.3: The geometries of the textured sleeves used in the 2D simulations of (a) axial 
and (b) torsional shear tests performed by Martinez (2015). 
Macroscale responses such as the volume change of the specimen and shear stress 
on the sleeve were recorded while shearing. During the shearing procedure, a servo-control 
mechanism was implemented on lateral or circular walls under axial or torsional shear 
condition. The displacements of boundary walls define the global volume change of the 
specimen. This monitoring approach is identical to the way of measuring the volume 
change in laboratory tests. On the other hand, the shear stress on the sleeve is calculated by 
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the sum of all the contact forces on the sleeve facets acting against the shearing direction 
divided by the surface area of the sleeve. The area in 2D dimension has the unit of length, 
so it is represented by either the length or the perimeter of the sleeve depending on the 
direction of shearing.  
Mesoscale responses are quantified by the resolution of the size of representative 
volume elements (RVE), which is usually determined in a heuristic way. RVE’s can neither 
be too small nor too big: If they were too big, averaged values obtained from RVE’s would 
be nearly identical to macroscale responses; In contrast, tiny RVE’s would fail to 
statistically make references to properties within the elements. In addition, the results 
would also be significantly noisy. Within this frame, measurement circles of 3 mm in 
diameter were evenly distributed in the specimen subjected to axial and torsional shear, 
resulting in a size ratio between measurement circles and particles of about 2. In 
measurement windows shown in Figure 4.2, the averaged measurements of particle 
displacements and rotation, contact forces, stresses, porosity, and coordination numbers 
were evaluated during and after shear. 
Table 4.1:  The parameters used in the 2D models of Axisymmetric shear tests under the 
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Finally, microscale responses were directly derived from basic modeling units such 
as particles and contacts. Force chains, contact forces and normal directions, particle 
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orientation and displacements were also evaluated. The parameters used in this type of 
simulations are presented in Table 4.1. Please refer to Martinez (2015) for the details of 
the model calibration. 
4.3 2D Model of MFA Penetration Chamber Test 
In addition to the 2D models of the “perfect insertion” case, a new 2D model is 
needed to take into account the disturbance induced by the cone tip insertion in MFA 
penetration tests when studying mechanical behavior at soil-device interfaces. In order to 
simulate MFA virtual calibration chamber tests as close as possible, a big chamber is 
necessary to avoid possible boundary effects. Figure 4.4 shows the simplified MFA device 
and a normally consolidated specimen. To lessen the computation cost of the simulations, 
only a half of the penetrometer was generated with dimensions of 1000 mm in height and 
21.8 mm in width. On the probe, a sleeve with 1-mm-high textures is attached behind a 
conventional friction sleeve connects a 60° angle cone tip. The distance from the cone tip 
to the center of the textured sleeve is 630 mm. In the same manner as the 2D simulations 
of the axisymmetric shear test, an outline across the peaks of a column of diamond-shape 
textures was captured to represent the sleeve in 2D as shown in a zoomed window in Figure 
4.4a. Figure 4.5 shows the comparison in particle size between the soil used in laboratory 
tests (Ottawa 20-30 sand) and its counterpart in the 2D calibration chamber model. The 
mean particle size in the model was increased by a factor of 3.1. Moreover, in the same 
manner as the model for the “perfect insertion” case, the particle size gradation curve was 
also truncated at inflection points at both ends, with which extremely small and large 




Figure 4.4: (a) The simplified MFA and the details of the attached textured sleeve and (b) 
the generated specimen. 
 
Figure 4.5:  The sieve analysis of Ottawa 20-30 sand and its counterpart in the full-scale 
2D model. 
In contrast to the previous model, the specimen was generated in a different way 
from the radius expansion method: Frictionless particles were randomly positioned in the 
virtual chamber with the allowance of overlaps until a desired porosity was reached based 
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on the calculation of the area ratio between particles and the chamber. Then overlaps 
between particles were removed with enough computation cycles. A “calm” mechanism 
was also applied to particles such that the kinetic energy of soil grains in the chamber were 
removed every ten cycles to increase the efficiency of the solving process.  
 
Figure 4.6:  The brick structure used to generate particle assemblies (Itasca Consulting 
Group, Inc., 2016). 
In order to avoid boundary effects during the MFA penetration, the dimensions of 
the soil specimen were carefully chosen. Bolton et al. (1999) evaluated a series of miniature 
CPT’s in a centrifuge and concluded that with a ratio of cone-diameter/mean-particle-size 
larger than 20 and a ratio of chamber-size/cone-diameter bigger than 40, the tip resistance 
measured in the tests was not affected by the boundaries (Bolton et al. 1999). With this 
knowledge, a specimen of 0.5 m × 1.0 m shown in Figure 4.4b was generated resulting in 
a Dcone/D50 ratio being 20.76 and a Wchamber/Dcone ratio being 45.87, which are both in 
acceptable ranges. A “brick” structure—a small, compacted assembly of particles bounded 
by periodic boundaries—was implemented in this model to expedite the specimen 
generation process. Copies of this brick were perfectly stitched into a big specimen of the 
required dimensions, because the geometrical arrangement of particles on one side of a 
brick is the negative image of that on the opposite side, shown in Figure 4.6. Typically, the 
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necessary time to bring a sample this large to equilibrium is long, because in each solving 
cycle, information about interactions between modeling entities must be updated. In 
contrast, with the “brick” elements, a large specimen was quickly constructed without 
further calculation by utilizing an array of bricks that are already compacted in equilibrium 
(Itasca Consulting Group 2016). In addition, as mentioned in the last chapter, with the same 
number of particles, a sample assembled by circular particles halves the number of an 
assembly composed of two-ball clumps. Thus, in order to run the model feasibly on a 
general-purpose computer and to take particle shapes into consideration, specimens with 
circular disks were assembled and the rolling resistance model introduced in Chapter 3 was 
applied to all the contacts in the model.  
After the sample was generated in the chamber, an enlarged 8g gravity was applied 
on particles to simulate soil conditions at deep depths. After enough numerical cycles, the 
ground is normally consolidated. Before consolidation, the inter-particle friction 
coefficient was set to the prescribed value used in the penetration, which is 0.45. 
Theoretically, the coefficient of lateral earth pressure at rest, 𝐾𝐾0, which is usually estimated 
with the equation 𝐾𝐾0 = 1 − sin𝜑𝜑′ for normally consolidated coarse sand, equals to 0.59. 
Figure 4.7 shows that the measured over-burden stress and lateral stress increase linearly 
with the depth from the surface to the bottom of the soil sample, which is fitted well by the 
calculated values based on the empirical equation (the curves in red and purple). From this 
figure, the averaged ratio between the horizontal stress and the vertical stress is close to 
0.59, which also confirmed by the expectation of the theoretical 𝐾𝐾0 value. As soon as the 
ground was equilibrated under the 𝐾𝐾0  condition, the MFA was positioned on the top 
surface of the specimen at the left boundary of the chamber, and then driven down at an 
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amplified speed of 1 m/s as shown in Figure 4.8. Note the specimen is truncated at the 
middle. 
 
Figure 4.7:  The initial stress state of the ground in the 2D simulation. 
 
Figure 4.8:  The configuration of the MFA penetration model. 
In the same manner as the 2D model for axial shear under the “perfect insertion” 
condition, a macroscale response, the shear stress on the textured sleeve, was monitored 
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at the same time as the shear stress on the sleeve was recorded. The observations of 
mesoscale information were achieved from representative volume elements (RVE’s)—
measurement circles. As discussed with respect to the last model, measurement circles have 
to be small enough to catch localized characteristics, while they also cannot be too small 
in order to include enough particles and reduce statistical errors. The configuration of 
RVE’s is shown in Figure 4.9a: 25 × 50 measurement circles (blue) of two sizes were 
evenly distributed in the specimen (the sizes were scaled by a factor of 0.5 in the figure for 
better visualization). The circles close to the rigid boundaries are 20 mm in diameter, and 
those in the specimens have a doubled size. The smaller size of RVE’s close the boundaries 
prevents overlaps between the RVE’s and the rigid walls since the positions of the 
measurement circles were updated with the centroids of their central particles. 
Measurements obtained from these RVE’s include local deformation patterns, principal 
stress rotation, and void ratio development. Shear zone characteristics were evaluated 
through the particles in the sampling window near the textured sleeve after shear (Figure 
4.9b). Finally, microscale responses were directly evaluated from basic modeling units 
such as particles and contacts that are closest to predetermined spots (red circles) in Figure 
4.9a. At this level, force chains, particle displacements and orientation, particle rotation 
paths, and trajectories were evaluated. These spots span the whole sample in five rows with 
200 mm separation in vertical direction, and each of the rows consists of 25 measurement 
points with a distance interval of 20 mm. Inheriting the knowledge from parametric studies 
and model calibration performed by Martinez (2015), similar values of parameters were 
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Figure 4.9:  The layout of measurements for (a) void ratio and particle displacements and 
(b) shear zone characterization. 
4.4 Pseudo 3D Model of MFA Torsional Shear Chamber Test 
After the 2D simulation of MFA penetration test was conducted, stress states and 
local porosity within the specimen were recorded and served as inputs of a new 2D 
torsional shear model to address the disturbance of cone penetration on shear behavior at 
the interface between MFA and sand particles. The new model will be referred to as the 
pseudo 3D MFA torsional shear model since we can recreate a 3D specimen by stacking 
up a series of these simulations on samples sliced at distinct depths in the 2D specimen of 
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the MFA penetration simulation. As shown in Figure 4.10a, the model shared substantial 
similarities with the 2D torsional shear model: they are all composed of circular specimens 
with a textured sleeve at the center. However, the pseudo 3D model has two extra inner 
walls splitting the specimen into three layers with controlled stress condition and porosity. 
The diameters of the three circular walls are 76 mm, 114 mm, and 150 mm respectively. 
The averaged normal stress and porosity in these ring zones were calculated from the 
sampling window shown in Figure 4.9b with a moving-average technique presented in 
Figure 4.10b: Local porosity/stress was continuously measured in a slender rectangular 
area while moving it from the surface of the sleeve to the furthest extent of the sampling 
window in the horizontal direction. Figure 4.11 shows an example of the results extracted  
 
Figure 4.10: (a) The arrangement of the pseudo 3D model and (b) Measure logic to obtain 
the initial state of the pseudo 3D torsional shear simulation. 
at the depth where the lateral confinement is about 100 kPa. In the figure, the measured 
porosity and normal stress are plotted against the distance to the sleeve surface normalized 
with 𝐷𝐷50. The sample was then approximately divided into three zones according to the 
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trend of the curves. The averaged values of porosity and normal stress in these three zones 
were used to initialize the specimen in three ring layers of the pseudo 3D model 
accordingly.  
 
Figure 4.11: Averaged (a) void ratio and (b) confining stress measurements obtained 
from 2D in-situ MFA penetration test simulation. 
The confining stresses were applied to the ring zones through the boundary walls 
with a servo-mechanism. On the other hand, to recreate the prescribed porosity and soil 
structure, a trial and error procedure was adopted to determine the best combination of 
inter-particle friction and rolling resistance coefficients before the activation of servo 
control. Finally, before the torsional shear of the sleeve started, both intermediate circular 
walls were deleted to allow free particle interactions at boundaries between the ring zones. 
The methodologies of extracting interface shear responses at different scales are similar to 
those applied in the 2D MFA penetration simulation: The macroscale response, shear stress 
on the textured sleeve, was calculated with the moment on the sleeve divided by the sleeve 
radius; Figure 4.12a shows the configuration of the measurement circles that were used to 
monitor quantities in mesoscale; Microscale responses were still evaluated from basic 
modeling units such as particles and contacts. Unless specified otherwise, the measurement 
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window shown in Figure 4.12b was used to gather particle-level information. The 
parameters used in this simulation are listed in Table 4.3. 
 
Figure 4.12: The configuration of (a) measurement circles and (b) the sampling window 
for extracting microscale responses. 
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4.5 3D DEM Model of Axisymmetric Shear Test under the “Perfect Insertion” 
Condition 
In this section, a 3D model for both axial and torsional shear under the “perfect 
insertion” condition is proposed to simulate the laboratory tests conducted on the 
axisymmetric shear device. Compared to the 2D models and the pseudo 3D model 
described in the previous sections, a true 3D model has the advantages of replicating the 
real-world conditions and unveiling spatial interactions at contacts in microscale. 
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Nevertheless, 3D simulations are usually more time consuming since many more particles 
need to be created than the 2D version. In addition, one more degree of freedom is 
introduced to all the variables which requires more effort in each calculation cycle. A 3D 
simulation of axisymmetric shear test with the real particle size can take months to finish. 
To deal with this shortcoming and enhance the calculation efficiency of our model, the 
particle sizes were enlarged by a factor of five (shown in Figure 4.13), and the calculation 
time is shortened to several days.  
 
Figure 4.13:  The particle size distributions of Ottawa 20-30 sand and its counterpart in 
the 3D models. 
Since the textured sleeves are not in regular shapes, 3D CAD drawings of the textured 
sleeves were drafted based on strict measurements on the geometry of the diamond-shape 
elements including the diamond width, w (5.3 mm), diamond height, H (varies from 0.25 
mm to 2 mm), texture angle, α (45°), penetration angle, β (60°), and diamond spacing, s 
(6.3 mm), as shown in Figure 4.14a (DeJong 2001). In addition, the untextured “pass-
through” area was preserved, with which soil grains can flow around the texturing patterns 
and thereby not clog the sleeve surface. Then the CAD models were finely triangulated 
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into small facets and saved in a watertight stereo-lithography format. Figure 4.14b shows 
the rendered sleeve models with texture height ranging from 0.25 mm to 2.0 mm.  
 
Figure 4.14: (a) Detailed dimensions of the sleeve surface (b) rendered 3D sleeve models. 
Taking account of the complexity of the 3D model and shape effects of simulated 
particles, the rolling resistance model introduced in chapter 3 was used, albeit the resistance 
to particle rotation in the contact model always acts to oppose rolling, which disagrees with 
the fact that shape effects can also propel particle rotation except for resisting it (Ai et al. 
2011; Wensrich and Katterfeld 2012). In addition, since the shear stress on the sleeve is 
independent to the sleeve length, we safely shortened the height of the specimens as well 
as the textured sleeve by 60 % of their original lengths to further reduce the simulation 
time (Hebeler 2005). Figure 4.15 shows the dissected 3D model (the chamber is not shown) 
of the axisymmetric shear tests. This model can simulate both axial and torsional shear 
tests depending on the shearing direction of the sleeve, which gives more confidence of its 




Figure 4.15:  The dissected 3D model of axisymmetric shear tests. 
Macroscale measurements of this model were different from their 2D counterparts 
because of the complexity of the shear stress calculation, especially in the torsional 
direction. The shear stress was calculated by the summation of all the contact forces acting 
on the textured sleeve projected in the direction against the shear movement divided by the 
side area of the sleeve surface. Moreover, the volumetric change of the whole specimen 
was derived directly from the radial displacement of the chamber wall. 
Mesoscale responses were evaluated through 2664 measurement spheres, which 
were configured as shown in Figure 4.16. Shown in the side view, 37 rows of measurement 
spheres were located along the axis of the chamber with a 4 mm separation between any 
two consecutive rows. In each row, 18 groups of measurement spheres were aligned in 
radial directions that are 20° apart. Four measurement spheres in each group were placed 
from the sleeve surface to the lateral wall of the chamber with a distance equivalent to one 
radius of the measurement spheres. Note that only the centroids of the measurement 
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spheres are shown in the figure for better visualization. In addition, a moving average 
technique similar to the one shown in Figure 4.10b was adopted to identify the shear zone 
around the textured sleeve during shear. Shown in Figure 4.17, the shape of the averaging 
zone resembles a hollow cylinder with the wall thickness of 5 mm. A sequence of 
measurements as a function of distance to the sleeve surface was obtained by gradually 
expanding the radius of the cylindrical zone while keeping its thickness constant. 
 
Figure 4.16:  The layouts of the measurement circles in (a) the side view and (b) plan 
view. 
 
















Figure 4.18: The distribution of the shear displacement of the sleeve shear against the 
soil. 
Finally, in microscale, the evaluation methods of particle displacements, trajectories, 
and rotation were inherited from previous models, but these findings will be projected to 
2D planes for visualization. In addition, particles used in the trajectory tracking were 
carefully picked: As shown in Figure 4.18, the sand particles in the zones of 100 % shearing 
against textured sleeves were monitored (highlighted by the red dashed window). The 
parameters used in the 3D models was determined with parametric studies described in the 
following sections.  
4.6 Computation Efficiency of Each Model 
In DEM simulations, the calculation time increases exponentially with the decreasing 
of particle size. The optimal solution to the current study is the 3D model with the real 
particle size. However, each of such simulation can easily take months. Herein, a factor of 
5 was used to enlarge 3D particles, which results in a total number of particles ≈ 62,000. 
As a result, the computation time decreases from months to one day to run a single 
simulation. For the 2D MFA penetration model, particles were enlarged by 3.1 times 
2.45 mm




















resulting in a total number of particles ≈ 98,000. The computation time for each simulation 
is about one day. The particles in the pseudo 3D torsional shear model were enlarged by 
2.2 times resulting in a total number of particles ≈ 6600. Two of these simulations can be 
performed sequentially in one day. However, as soon as a 2D penetrometer insertion 
simulation is performed, a series of pseudo 3D simulations can be initialized and run in 
parallel on different computers. As a result, a runtime equivalent to merely a 2D torsional 
shear test is needed. 
4.7 Parametric Studies of the 3D Model Calibration 
Since the 3D model brings in one more dimension of complexity than the 2D models, 
the parameters used in the previous models cannot be directly applied. Hence, parametric 
studies are needed to calibrate the simulation parameters of the 3D model. The triaxial tests 
on Ottawa 20-30 sand introduced in section 3.7 were also used in the model calibration, 
for its simplicity to simulate. Figure 4.19 shows the results of replicate triaxial tests on 
Ottawa 20-30 sand again.  
 
Figure 4.19: (a) Stress-strain curve and (b) volumetric strain-axial strain curve obtained 
from replicate laboratory triaxial tests. 
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In the following sections, the influence of inter-particle friction coefficient, wall 
friction, particle normal stiffness, normal to shear stiffness ratio, and particle rolling 
resistance on the stress-strain curve and the volume change were evaluated. In each series 
of tests, only one parameter was changed and kept all others constant.  
4.7.1 Effects of Inter-Particle Friction Coefficient 
Figure 4.20 a and b present the deviatoric stress-axial strain and volume change-axial 
strain responses, respectively, for simulations with inter-particle friction coefficient 𝜇𝜇𝑝𝑝 of 
0.25, 0.35, and 0.45. In the plot of volume change, positive values in the vertical axis 
represents volume expansion, which will be also applied to the subsequent figures. The 
results show that the shear strength (especially the peak) and the total volumetric change 
increase with the friction coefficient. In addition, the axial displacement needed to mobilize 
the peak strength also increases, which is rational since higher energy is needed to 
overcome the resistance to friction and trigger slippage at contacts.  
 
Figure 4.20: The effects of inter-particle friction coefficient on the (a) stress-strain curve 




















































4.7.2 Effects of the Coefficient of Particle Rolling Resistance 
From the literature review in chapter 2, we know that the rolling resistance 
coefficient in the contact model correlates to the particle angularity. The particle angularity 
was usually quantified by aspect ratio and the typical value for Ottawa 20-30 sand ranges 
from 1.0 to 1.9 (Lee 1998; Lu 2010). According to Figure 2.31, the theoretical values of 
the rolling resistance coefficient 𝜇𝜇𝑟𝑟 for particles having aspect ratio of 1.15, 1.3, and 1.5 
are approximately 0.1, 0.2, and 0.3 respectively.  In accordance with our expectation, 
Figure 4.21a shows that the sample with rolling resistance of 0.1 mobilized the least 
strength at both peak and residual stages. Considerable reinforcement was achieved by 
changing rolling resistance parameter from 0.1 to 0.2 and from 0.2 to 0.3. In addition, as 
the rolling resistance increases, the peak deviatoric stress is mobilized with larger axial 
deformation of the sample. This is because higher 𝜇𝜇𝑟𝑟 at inter-particle contacts results in 
greater resistance to particle free rolling and more kinetic energy is needed to overcome 
the resistance. On the other hand, in Figure 4.21b, a dramatic increase in volume dilation 
was observed when we increased 𝜇𝜇𝑟𝑟  from 0.1 to 0.2. Nevertheless, the difference on 





Figure 4.21: The effects of the coefficient of particle rolling resistance on the (a) stress-
strain curve and (b) volume change response of triaxial test simulations. 
4.7.3 Effects of the Normal Stiffness of Particles 
Figure 4.22 presents the results of simulations performed with varying normal 
stiffness 𝑘𝑘𝑛𝑛 of the particles. The values used were 2 × 105, 2.5 × 105, and 5 × 105 N/m. 
In the stress-strain plot, in terms of the magnitude of the peak and residual strength, not 
much difference is observed. However, the stiff specimens reached their maximum strength 
earlier than the softer ones. In the volume change response, the samples of low stiffness 
were more contractive at the beginning of the test and less dilative in the end. This makes 
sense in the way that softer entities tend to compress more and expand less than stiffer 



















































Figure 4.22: The effects of the particle normal stiffness on the (a) stress-strain curve and 
(b) volume change response of triaxial test simulations. 
4.7.4 Effects of the Shear Stiffness of Particles 
Shear stiffness is another important parameter that could result in huge difference on 
the stress-strain response, because we’ve known from section 2.4.3 in this thesis that the 
rolling resistance stiffness is proportional to the shear stiffness of the material simulated 
and varying the rolling resistance coefficient can cause significant difference. In addition, 
the shear stiffness in DEM studies was always no larger than the normal stiffness used in 
the same model. Hence, in this study, we kept the normal stiffness of sand particles constant 
at 2 × 105  N/m while changing the ratio between normal stiffness and shear stiffness 
𝑘𝑘𝑛𝑛/𝑘𝑘𝑠𝑠  from 2 to 4 and 10. Figure 4.23a shows that the peak deviatoric stress of the 
assembly with the largest shear stiffness out-performed the ones with lower stiffness while 
the difference in the residual strength is negligible. Moreover, the peak strength of the 
softer materials was achieved at a larger degree of axial compression than the strength of 
stiffer ones. This is conceptually sound since inter-particle slippage requires low energy at 
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low volumetric dilation was observed in the specimens of low stiffness because particle 
sliding dominates the shearing mechanism, and thereby does not contribute much to 
volume expansion during shear. 
 
Figure 4.23: The effects of the particle shear stiffness on the (a) stress-strain curve and 
(b) volume change response of triaxial test simulations. 
4.7.5 Effects of Friction Coefficient of the Chamber  
Finally, the influence of friction coefficient applied on the container is evaluated. 
Martinez (2015) also considered the effects of chamber friction coefficient 𝜇𝜇𝑐𝑐 on his 2D 
DEM model of axisymmetric shear tests and concluded that if the parameter is not 
appropriately chosen, the contacts between the chamber and nearby particles would be the 
weakest links in the assembly and in return controls the strength of the sample. Figure 4.24 
shows the development of stress-strain curve and specimen volume as a function of axial 
strain when varying the friction coefficient on the chamber from 0.1 to 0.225 and 0.35. As 
expected, the model with coefficient 𝜇𝜇𝑐𝑐= 0.1 mobilized the least strength at the peak 
although the highest residual strength was obtained in this model. When increasing the 
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in residual stress was observed. Whereas the difference between the curves for 𝜇𝜇𝑐𝑐 = 0.225 
and 0.35 is not apparent indicating that the stress-strain response is not remarkably affected 
by 𝜇𝜇𝑐𝑐 when it is larger than 0.225. Furthermore, low friction on the chamber results in less 
volume expansion although the margin between all three models are minimal. 
 
Figure 4.24: The effects of friction coefficient on the chamber on the (a) stress-strain 
curve and (b) volume change response of triaxial test simulations. 
4.7.6 Fine-tuned Parameters for the 3D Model 
With all the knowledge obtained from the above sections, a trial and error procedure 
was performed to conclude a well-tuned 3D model for the triaxial tests and the future 
axisymmetric shear models. The chosen parameters of the model are listed in Table 4.4. 
Figure 4.25 shows the comparison of the results between two laboratory tests and the 3D 
DEM simulation. In terms of the deviatoric stress-axial strain response, the DEM model 
agrees well with the physical experiments: the peak and residual strength is almost identical 
to those obtained from the laboratory tests. On the other hand, the volume change obtained 
from the simulation deviated from the laboratory results by about 3% in maximum. This 
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(Widulinski et al. 2009). Moreover, a small amount of volume contraction was observed 
in the simulation when the specimen was compressed about 1% in height, which is absent 
in the results of the laboratory tests because of the relatively large reading intervals.  
 
Figure 4.25: The comparison of the (a) stress-strain curves and (b) the volume change 
curves between the fine-tuned DEM model and two laboratory tests. 
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CHAPTER 5. 2D DEM SIMULATION OF MFA PENETRATION 
TEST IN CALIBRATION CHAMBER 
5.1 Introduction 
This chapter presents a DEM based numerical simulation study to evaluate the 
influence of sleeve asperities on mechanical responses of cone penetration at different 
scales. Along with the 2D full-scale model detailed in Chapter 4, a comparison model with 
a conventional smooth sleeve was also evaluated. To facilitate the visualization of the 
development of soil displacements, both samples were painted into grids of contrast colors. 
In addition, the results of these two models were plotted side by side for easy comparison. 
Figure 5.1 shows the two semi-infinite models back to back before penetrations.  The 
model on the left from the centerline of the figure was equipped with a conventional smooth 
sleeve while the one on the right was constructed with a textured sleeve of 1mm high 
asperities. As the penetrometers advance into the soil samples, macroscale responses 
including tip resistance, sleeve friction, contact numbers on the tips and sleeves were 
recorded and compared. Furthermore, mesoscale measurements, such as stress field, soil 
layer deformation, principle stress directions, and void ratio evolution were observed to be 
different. Moreover, it is shown that particle-level mechanisms, for example, contact 
forces, displacement field, particle moving trajectories, particle velocity field, and particle 
rotation provide further insights of the difference introduced by the textured sleeve. This 
model is expected to expand the understanding of shear behavior at the interface between 
cone penetrometer and soils and shed light on a potential way to improve the measurement 
accuracy of sleeve friction with a textured sleeve of prescribed surface roughness. Please 
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refer to section 4.2 in Chapter 4 for more details of the numerical models evaluated in this 
chapter. In the end, a brief discussion on utilizing this model to evaluate the disturbance 
induced by other penetrometers was made. 
 
Figure 5.1: The configuration of the compared models. 
5.2 Results 
5.2.1 Macroscale Response 
The tip resistance 
The tip resistance 𝑞𝑞𝑐𝑐 was determined from the summation of all contact forces on the 
cone tip along the direction of its central axis divided by the radius of the penetrometer. 
The tip resistance and that normalized with initial vertical stress at correspondent depths, 
𝑞𝑞𝑐𝑐/𝜎𝜎𝑐𝑐0 , were recorded continuously during the MFA penetration (Figure 5.2). In 
accordance with the observations from in-situ tests and DEM simulations in literature, 𝑞𝑞𝑐𝑐 
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increased with penetration depth, but the rate of change of 𝑞𝑞𝑐𝑐 decreased, as shown in Figure 
5.2a (Huang and Ma 1994; Gui et al. 1999; Jiang et al. 2006). In Figure 5.2b, the normalized 
cone tip resistance increased sharply at a shallow depth, then it increases to a peak at 
𝑦𝑦/𝑅𝑅 =  7, and asymptotically decreased to a nearly stable value. This phenomenon agrees 
well with laboratory and DEM simulation results (Bolton and Gui 1993; Jiang et al. 2006). 
The initial drop is probably because at this depth, the cone tip has just been totally 
submerged into the specimen and some particle-tip contacts were broken since the particles 
in contact were pushed sideways and upward (will be shown in this chapter). Jiang et al. 
(2006) summarized the conventional CPT penetration into three stages including shallow  
 
Figure 5.2: The development of (a) tip resistance and (b) normalized tip resistance of the 
MFA’s with smooth and textured sleeves. 
penetrates deeper into the ground. Herein, similar to conventional CPT simulations, we 
also clearly observed three different zones: When 𝑦𝑦/𝑅𝑅 ≤  7, defined as the zone of shallow 
penetration, the tip resistance increased dramatically, and reached a turning point, which 
was also clearly observed in the plot of the normalized tip resistance. Durgunoglu and 
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fully developed around the tip (Durgunoglu and Mitchell 1975). The deep penetration-1 
zone is bounded by the 𝑦𝑦/𝑅𝑅 value of 7 and 25, in this zone, the increasing rate of the tip 
resistance remained approximately steady. Finally, at a relative depth larger than 25, the 
normalized tip resistance asymptotically approaches to a value around 20. Note that in both 
plots, tip resistance on the smooth and textured sleeves was almost identical, because the 
tip resistance directly represents the bearing capacity of the soil, the failure envelope can 
be approximated as a logarithmic spiral shooting out from the tip, and this is not influenced 
much by the sleeves since the distance between the cone tip and the sleeves is large (630 
mm). A relationship between the normalized tip resistance and the relative depth proposed 
by Jiang et al. (2014) can be described in the following form: 
 𝑞𝑞𝑐𝑐 = 𝐷𝐷(𝑦𝑦 𝑅𝑅⁄ )−𝑏𝑏 (𝑘𝑘𝑘𝑘𝐷𝐷) (22) 
where a and b are constant values (Jiang et al. 2014). In our simulations, a and b are 67.8 
and 0.36 respectively.  
 Jamiolkowski et al. (2003) researched on the interpretation of CPT’s performed in 
calibration chambers and summarized that the empirical equation of the tip resistance 𝑞𝑞𝑐𝑐 
proposed by Schmertmann (1976) is among the best (Schmertmann 1976; Jamiolkowski et 
al. 2001): 
 










Jamiolkowski provided the constants in the equation for normally consolidated 
Ticino sand: 𝐶𝐶0 = 17.74, 𝐶𝐶1 = 0.55, and 𝐶𝐶2 = 2.90. Since the sand used in the present 
study has similar mineral composition as Ticino, the values of 𝐶𝐶1 and 𝐶𝐶2 were adopted. On 
the other hand, 𝐶𝐶0 is only a linear scaling factor, and since the 2D model has dimensional 
limitations, its value was determined by minimizing the average error of the fitted curve. 
Figure 5.3 shows the comparison between the DEM results and the values calculated from 
the empirical equation. The good agreement between simulations and the empirical 
calculations proves the ability to simulate calibration chamber tests by utilizing the 
proposed DEM models. 
 
Figure 5.3:  The comparison between the tip resistance obtained from the simulation and 
the empirical equation. 
The sleeve friction 
Similar to the calculation of the tip resistance, the sleeve friction 𝑓𝑓𝑠𝑠 was determined 
by the summation of all contact forces on the sleeve along the direction of its long axis 


























textured sleeves were plotted against the normalized depth in Figure 5.4a. Second order 
polynomial fitting curves plotted as dashed lines capture the trend of the sleeve friction 
development: The forces on both sleeves increase with the penetration depth as do the rate 
of change. Figure 5.4b shows the ratio between the friction force on the two sleeves as a 
function of penetration depth. The ratio decreases as the penetrometer advances, and it 
asymptotically approaches to a ratio of 2, which is comparable to the values achieved from 
field tests performed by DeJong (2001) and Hebeler (2005). However, the monitored 
sleeve friction on the textured sleeve fluctuated more than that in the smooth sleeve case,  
 
Figure 5.4: (a) Friction forces on smooth and textured sleeves and (b) 𝑓𝑓𝑀𝑀𝑀𝑀𝑀𝑀/𝑓𝑓𝑠𝑠𝑚𝑚𝑠𝑠𝑠𝑠𝑡𝑡ℎ as a 
function of normalized penetration depth. 
 














































































which possibly results from the 2D simplification since the “pass-through” area on the 
sleeve that allows particles flowing around was ignored in the 2D model. In addition, a 
different curve shape may be observed if a deeper penetration is performed since at the 
maximum depth of the current test, the contact number on the textured sleeve has not 
reached a stable number, which means that the shear strength has not fully mobilized, as 
shown in Figure 5.5a. However, the heavy computational cost does not allow deep 
penetrations at the current stage. In comparison, contact numbers on the tips and the smooth 
sleeve increased to a steady level quickly as the module is penetrating into the ground 
(Figure 5.5b). It confirms the assumption that a consistent contact number at the interface 
would yield fully mobilized interface strength. 
5.2.2 Mesoscale Response 
The deformation of painted squares 
Figure 5.6 shows the deformation of painted squares in the penetration tests at 
different penetration depths. In the shallow penetration zone as shown in Figure 5.6a, the 
painted squares beneath the cone tips underwent negligible deformation. Nevertheless, the 
grids above the tips (first two layers) were pushed sideward by the cone tips. Among these 
grids, the ones closest to the cone shoulder deformed the most. In addition, in the vicinity 
of the penetrometers, the grids were pushed downward. On the other hand, the grids next 
to the ones closest to the penetrometers bulged, and the influence diminished at four grids 
away from the cones in the lateral direction. Moreover, the sleeves had not touched the 
specimens in both cases, so there was no difference between the two sides of the figure. At 
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this depth, the sleeve friction as well as the contact numbers on the sleeves were at zeroes 
as shown in Figure 5.4 and Figure 5.5.  
 
Figure 5.6:  The deformations of painted grids in specimens at penetration depths in (a) 
the shallow penetration zone, (b) the penetration-1 zone, and (c) the penetration-2 zone in 
the simulations of MFA tests with smooth and textured sleeves. 
Figure 5.6b shows that, in the penetration-1 stage, sleeves were fully submerged in 
the soil. The grids below the tips were displaced more than they were in the shallow 
penetration stage, and the influenced volume can be as deep as two grids below the tips. 
The painted squares around the penetrometers were pushed downward and outward, 
especially for the grids nearest to the cone tips—they became shorter and wider. Above the 
tip shoulder, the grids close to the penetrometers were dragged downward, while the grids 
further away in the lateral direction moved upward and sideways. At the surfaces of the 
specimens, the deformation pattern observed in the shallow penetration became more 
apparent, but the grids closest to the chamber (lateral boundary) were not deformed, which 
confirms that the chosen chamber did not induce much boundary effects on the deformation 
of the soil mass. Furthermore, comparing to the movement of the painted grids in the 
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conventional CPT, the soil in MFA penetration test swelled less, and the “dragging” 
phenomenon is more evident in all layers, especially at the surface. 
Lastly, the mesoscale deformation in the penetration-2 stage was evaluated in Figure 
5.6c. The Figure shows similar but more extended deformation as observed in penetration-
1 stage: The black gridlines close to the penetrometers started to break, and higher degree 
of distortions were observed. In addition, swelling tendency of the soil in most layers were 
counterbalanced by the dragging force close to the penetrometer. This pattern of soil 
displacement is also manifested at the surface, where uneven specimen heights were 
noticed between the penetration tests with a smooth and textured sleeve. 
 
Figure 5.7: The deformations of painted grids (a) behind, (b) aside, and (c) ahead of the 
sleeves after penetration. 
 Looking closer at the painted grids close to the penetrometers after shear, the 
difference in deformation patterns between the two cases becomes more obvious. In Figure 
5.7a, the white stripes highlighted the boundaries of the deformed grids behind the sleeves. 
In the smooth case, the grids were curved and almost parallel to each other, while the 
distortion of the grids behind the textured sleeve was more severe, and the boundaries were 
all displaced deeper than the ones sheared against the smooth sleeve. This phenomenon 
 
 140 
shows homogeneous interfacial interaction along the penetrometer with the smooth sleeve 
and the textured sleeve introduced further shearing deformation at the interface. In Figure 
5.7b and c, at the side of the sleeves and ahead of tips, large downward deformations are 
noted in the textured sleeve model indicating higher level soil-penetrometer interaction was 
happened.  
 
Figure 5.8: The layout of measurements (a) before and (b) after penetration. 
The stress field in specimen 
To evaluate the influence of sleeve roughness on stress and void ratio evolution 
during penetration, representative volume elements (RVE’s) are needed. The locations of 
the RVE measurements in the study were updated in each cycle according to the particles 
at their initial centers. It is believed that these central particles were close to the centroids 
of the measurement circles and were independent of the deformation of the specimen. 
Figure 5.8 shows the positions and the radii (shrunken to half size for better visualization) 
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of the measurement circles: the size of the measurements at boundaries were half of those 
inside the specimen in diameter. After penetration, the RVE’s were shifted and shown in 
Figure 5.8b.  
 
Figure 5.9:  The comparison of principal stresses in specimens at penetration depths in (a) 
the shallow penetration zone, (b) the penetration-1 zone, and (c) the penetration-2 zone in 
the simulations of MFA tests with smooth and textured sleeves. 
With this measurement scheme, investigations on the development of principal 
stresses during MFA penetrations were made. Figure 5.9 shows the plots of principal stress 
field in all three stages of MFA penetrations with smooth and textured sleeves back to back. 
Note that principal stresses were represented by crosses, whose orientations and lengths 
were the directions and the magnitudes of the principal stresses normalized by the 
maximum value. For the shallow penetration, shown in Figure 5.9a, only major principal 
stresses close to the cone tip rotated and aligned perpendicular to the tip surfaces, whereas 
the majorities were arranged vertically since they were not influenced by the insertion of 
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the penetrometer, but were dominated by the gravitational consolidation. Figure 5.10a 
provides a closer look in the vicinity of the cone tips. In the figure, except for the stress 
rotation near the cone tips, it was also discovered that the measurements of the major 
principal stresses away from the tips laid horizontally indicating the “push-away” 
phenomenon observed in Figure 5.6. The failure pattern of shallow foundations 
summarized by Vesic (1963) shown in Figure 5.11a best depicts this situation: Symmetric 
bowl-shaped failure planes were formed at the cone tip and extended to the surface; The 
soil above the failure planes upheaves, which is apparent at the surface (Vesic 1963).  
 
Figure 5.10:  The principal stress directions in the windows shown in Figure 5.9. 
 
Figure 5.11:  Failure modes for (a) shallow penetration (Vesic 1963) (b) deep penetration 










 In the penetration-1 stage, the highest principal stress still located close to the cone 
tip. In addition, principal stress directions above the shoulder of the cone tip rotated 
clockwise on the left side and counter-clockwise on the right, which were compatible with 
the penetration directions of the penetrometers, and these are the evidences of the 
expansion zone caused by insertion. The shape of the boundary of this influential zone 
resembles the assumed pattern described by De Beer (1945) as shown in Figure 5.11b. The 
friction forces on both the smooth and textured sleeves started to mobilize since they have 
already been submerged in the soil and sheared for a certain distance. A zoomed view of 
principal stress directions close to the sleeves is shown in Figure 5.10b. It appears that the 
textured sleeve dragged nearby soil grains downward, and subsequently caused the rotation 
of major principal stresses from the vertical direction to a direction perpendicular to the 
slopes of the asperities on the textured sleeve. In contrast, the principal stresses did not 
shift and rotate much against the smooth sleeve while shearing as shown on the left of the 
figure.  
In the end of the shear, the influence zone of the tip in the soil mass expanded to 
the boundaries of the chamber, but the alignment pattern of the stress directions was similar 
to those shown in previous stage. However, a difference was noticeable in the vicinity of 
the textured sleeve: compared to the measurements of the smooth sleeve case, principal 
stress along the textured sleeve moved further down, and their centers were more dispersed 
in the sample as shown in the zoomed view in Figure 5.10c. This might be a sign of higher 
interactions at the interface between the textured sleeve and soil particles. In order to verify 
this assumption, further investigations on void ratios across the samples is needed. 
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Moreover, the directions of minor principal stresses beside the penetrometers aligned 
vertically, which was also observed by Huang et al. (2004) in FEM simulations of CPT. 
Void ratio development 
Figure 5.12 shows the void ratio field in samples during the insertion of the 
penetrometers with smooth and textured sleeves. The results are again presented in three 
stages: the shallow penetration, the penetration-1, and the penetration-2. Note that the thick 
red line in the figure indicates the location of both sleeves. The initial void ratio in the 
specimens represented by the color of dark purple, was 0.16. In addition, the white area 
below the cone tip in the middle was caused by the error of the data extrapolation. As 
expected, at a shallow depth, both sides of the plots showed identical void ratio field since 
the sleeves—the different part of the two sets of the MFA modules—had not been inserted 
into the soil. Only the areas close to the top surface of the ground underwent an increase in 
void ratio. Moreover, the shape of the highly-influenced area close to the cone at the ground 
surface shown in greenish color resembles the assumed failure envelop of shallow 
foundations. 
In the following step, as the sleeves are submerged in the soil sample, the friction 
forces on the sleeves started to mobilize. With the fact that the highest value of void ratio 
existed in close vicinity of the MFA device, the soil adjacent to the penetrometers expanded 
its volume. For the textured sleeve case, the highest void ratio was observed at the leading 
edge of the sleeve while shearing. It is an evidence of the annual penetration force (AP) 
which can be explained as bearing capacity of the diamond textures on the sleeve, 
introduced by DeJong (2001) and Frost and DeJong (2005) (DeJong 2001; Frost and 
DeJong 2005). Nevertheless, for the smooth sleeve case, with the absence of the asperities, 
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AP force was not observed, and consequently the zone of volume expansion was more 
equally distributed along the smooth sleeve. Away from the sleeve, the boundary of the 
blue-colored area defined the influence zone of penetration, which started on the sharp 
edge of the cone shoulder and extended toward the lateral boundary with an angle close to 
45°. This pattern of void ratio change manifests that the dominant cause was from the cone 
tip insertion.  
 
Figure 5.12:  The comparison of void ratio field in specimens at the stages of (a) shallow 
penetration, (b) deep penetration-1, and (c) deep penetration-2 in the simulations of MFA 
tests with smooth and textured sleeves. 
At the end of the MFA insertion, the shear strength at the sleeve-soil interfaces was 
fully developed. Comparing to the corresponding penetration test with a smooth sleeve, 
higher local void ratio was identified in the simulation with textured sleeve. In addition, 
the high void ratio zone was on the side of the textured sleeve instead of on the leading 
edge shown in the penetration-1 stage. It is believed that the AP force has already been 
fully mobilized, and the soil close to the sleeve was expanded in the horizontal direction. 
In contrast, on the left side, the raising of the void ratio next to the smooth sleeve is 
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imperceptible, which indicates less interface shearing. The size of the expansion zone (blue 
colored zone) above the textured sleeve is bigger than its counterpart above the smooth 
sleeve, whereas the sizes of high void ratio zones (greenish colored zones) had an opposite 
trend. Different from previous penetration stages, compacted zones were observed in both 
simulations: In the area aside and below the tips, soil particles were compacted into a denser 
state. The area of the dense zone in the simulation for rough sleeve was more dispersed 
than that in the smooth sleeve simulation. It is considered that the textures on the sleeve 
pushed more soil toward the tip and helped compacting the soil around the tip. This finding 
agrees well with “confining effect” observed by DeJong et al. (2001): The increased sleeve 
friction with a textured sleeve provides greater resistance against the soil displacing around 
the cone tip than with a smooth sleeve (DeJong et al. 2001). 
5.2.3 Microscale Response 
Contact force 
The difference of sleeve surfaces can be assessed in terms of contact force maps 
presented in Figure 5.13, in which each line segment in the soil mass connects entities (soil 
particles or continuum surfaces) having force transfer. Note that only contact forces larger 
than the overall average across the sample are shown. The thicknesses of the lines indicate 
the magnitudes of contact forces: thicker lines stand for higher contact forces. All three 
sub-figures follow the layout of previous figures, in which results derived from the MFA 
penetration with a smooth attachment were shown on the left, while the MFA test with the 
textured sleeve was plotted on the right. For better visualization, sleeves and cones were 
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highlighted in red. At this stage, only the trend was analyzed, and it is not intended to 
perfectly match numerical simulation results to field tests quantitatively. 
 
Figure 5.13:  The comparison of contact forces in specimens at the stages of (a) shallow 
penetration, (b) deep penetration-1, and (c) deep penetration-2 in the simulations of MFA 
tests with smooth and textured sleeves. 
At shallow depths of penetration, only forces on the tips were developed, and the 
highest magnitude was even bigger than the largest contact force at the bottom of the 
chamber resulting from the gravitational consolidation. Again, the dense zones of contact 
forces near the tip in either side of the plots were in a “bowl” shape, which also confirmed 
the assumption of the shallow foundation failure pattern mentioned earlier. As the 
penetrometers were pushed deeper into the ground, the forces acting on the cone tips 
became larger and extended horizontally and vertically into the soil. At the same time, 
force localization on the surface of the textured sleeve started to form, and the largest forces 
on the sleeve happened on the leading edge of the surface textures. This localization 
confirms that AP forces were developed from the asperities. In contrast, forces acting on 
the smooth sleeve were not much larger than the ambient contacting forces, which is due 
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to the absence of the passive resistance. Figure 5.13c shows the contact force fields of MFA 
penetration with the two roughness-controlled sleeves at deep penetration-2 stage. Forces 
on both sleeves and the cone tips had increased since the previous stage. In addition, the 
influence zone of the penetrometers also expanded its size. More apparent localization was 
developed in the vicinity of the textured sleeve and the force chains extended in a direction 
about 45 degree from horizontal line which is perpendicular to the surface of the asperities 
on the sleeve. In contrast, there is no apparent force chains developed along the smooth 
sleeve. Furthermore, immediately behind the textured sleeve, the density and magnitude of 
the force chains is significantly lower than the ambient environment, indicating a stress 
relief and possibly volume expansion (highlighted by a dashed circle).  
Displacement field 
By monitoring positions of the centroids of particles in the samples, particle 
displacements were tracked in the simulations. Figures 5.14a through 5.14c show vertical 
displacements of soil grains in the simulations of MFA penetration tests with smooth and 
textured attachments at different depths. Whereas blueish colors represent upward 
displacements, other colors denote downward displacements. The results obtained from the 
particle displacement field are complements to the deformation zones derived from the 
plots of void ratio changes in mesoscale. Nevertheless, they still share a number of 
similarities: At shallow depths, upward displacements were observed in a bowl-shaped area 
on the sides of the penetrometers. A much bigger zone of downward displacements ahead 
of the cone tips was formed. As the penetrometer module advances, the expansion zone 
near the soil surface in both cases kept growing deeper and wider, but the zone of the 
smooth sleeve MFA penetration was larger than the zone of the textured sleeve simulation. 
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In contrast, the compression zone ahead of the penetrometer shrunk its size but was more 
localized in the close vicinity of the penetrometers. Note that at this stage, not much 
difference in particle displacements was observed on the sleeves, indicating that the friction 
forces had not been  
 
Figure 5.14:  The comparison of vertical displacements in specimens at the stages of (a) 
shallow penetration, (b) deep penetration-1, and (c) deep penetration-2 in the simulations 
of MFA tests with smooth and textured sleeves. 
mobilized yet. At the end of the penetration process, the expansion zone close to the surface 
in the simulation on the right appeared to be wider but shallower than its corresponding 
zone shown on the left, which is coincident with the observation of the deformation at the 
ground surface in mesoscale shown in Figure 5.6. The highly-condensed area around the 
cone tips and sleeves further shrunk its size. However, the difference between the two 
simulations started to be clearly defined: On the one hand, above, aside, and below the 
textured sleeve, extremely high displacements were developed, which resulted from the 
passive resistance induced by the structured asperities on the rough surface. On the other 
hand, high (but lower than the values in the textured sleeve case) displacements of particles 
(a) (b) (c)
Smooth TexturedSmooth TexturedSmooth Textured
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were only observed behind the tip, which was caused by the disturbance of the tip when it 
penetrated through. The absence of high displacements above and aside the smooth sleeve 
indicates less soil-sleeve interactions happened at the smooth interface comparing to that 
at the textured sleeve surface. Moreover, neither the expansion nor compression zones did 
overlap with the boundaries of the calibration chamber, which gives us the confidence of 
avoiding boundary effects with the chosen dimensions of the chamber adopted in our 
simulations. 
 
Figure 5.15:  The comparison of horizontal displacements in specimens at the stages of 
(a) shallow penetration, (b) deep penetration-1, and (c) deep penetration-2 in the 
simulations of MFA tests with smooth and textured sleeves. 
The horizontal displacements of particles in the simulation with a smooth sleeve did 
not vary much from the test with the textured sleeve, since horizontal displacement is 
dominated by the cavity expansion caused by the insertion, as shown in Figures 5.15. 
However, apparent distinction was observed in Figure 5.15c near the sleeves: aside the 
textured sleeve, a large hot zone of horizontal displacement is obvious. In contrast, the hot 
zone near the smooth sleeve is much smaller. It is believed that the asperities on the sleeve 
(a) (b) (c)
Smooth TexturedSmooth TexturedSmooth Textured
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surface increased the effective radius of the penetrometer, thus increased the cavity 
expansion pressure and displaced the soil laterally more. In addition, the displacement field 
can serve as a technique to evaluate lateral boundary effects during penetration: In this 
figure, dark blue represents zero displacement, and it was shown to be close to both the 
lateral boundaries of the chamber. In addition, the frontiers of high displacements did not 
trespass the boundaries during testing. All these findings indicate that the 
chamber/specimen were fully utilized and were big enough to avoid boundary effects. 
Particle displacement trajectory 
To investigate particle trajectories, a total of 120 particles were traced spanning five 
rows within the specimen with 20 mm and 200 mm separations in horizontal and vertical 
directions, respectively. The locations of the measurements were highlighted as red dots in 
Figure 4.9a in the last chapter. Figures 5.16a to 5.16e present the trajectories of the particles 
in row one to five respectively with 100 mm recording intervals in penetration depth. 
Figure 5.16a indicates that in both cases, all the particles in the first row moved downward 
at the beginning, then shifted upward and sideway, herein referred as a “hook” shaped 
pattern. The ending positions of particles within 0.3 meters from the central axis of the 
penetrometers in radial directions were above their initial positions. In contrast, the 
particles more than 0.3 meters away from the penetrometers stopped approximately at the 
initial depth in the sample (dashed line). However, comparing the left-hand side plot with 
the right-hand side plot, particles within a distance of 0.2 meters from the smooth 
penetrometer ended at higher positions, but the largest downward displacements were 
almost identical. Beyond 0.2 meters, the displacement patterns of the particles on both side 




Figure 5.16:  Trajectories of the particles in row 1 to 5. 
At greater depths, particles underwent less upward displacements in general for both 
the smooth and textured sleeve cases. Above the third row, particles in the smooth sleeve 
case within a distance of 0.2 meters from the MFA module experienced less downward but 
larger upward movement comparing to those particles in the textured sleeve case. In the 
third row, the difference of particle displacements between the two simulations was 
undiscernible. Below that, particles in the specimen of the smooth sleeve case had larger 
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downward displacements than those particles within the same zone of the specimen in the 
simulation with the textured sleeve. In addition, the “hook” shaped displacement pattern 
started to be attenuated as the penetration advanced, and this pattern started to disappear at 
the locations close to the penetrometer and the outer chamber.  
Particle velocity field 
Figure 5.17 provides the velocity field of all particles in the specimen at three 
different depths. The velocities were evaluated in a manner of quasi-static approximation 
proposed by Jiang et al. (2006). The velocity field of particles was achieved by tracking 
the changes of particle positions in the specimen between two consecutive measurements. 
The measurement interval in this study is a distance equivalent to the radius of the 
penetrometer (e.g., the velocity of particles at penetration depth y/R = 1 is obtained by 
dividing the changes of the position vectors of these particles from penetration depth y/R = 
0 to 1 by the time difference). The velocity of each particle is represented by a directional 
arrow whose length is the speed normalized with the largest velocity in the specimen. The 
figure shows that the vector distribution differs at each stage and the sleeve geometry 
patently affects the magnitudes and directions of particle velocities. At shallow depths, 
large instantaneous particle velocities were triggered because of the abrupt disturbance 
induced by the cone tips. At this depth, soil particles were mainly pushed sideway and 
upward on the surface and at the shoulder of the cone tip. Upheaval movement happened 
at the surface of the specimen close to the penetrometers. The area of the intensive particle 
movements (larger than 0.2𝐷𝐷𝑚𝑚𝑎𝑎𝑥𝑥) has a similar shape of the failure envelope of a shallow 





Figure 5.17:  Normalized velocity fields in the specimens at the stages of (a) shallow 
penetration, (b) deep penetration-1, and (c) deep penetration-2 in the simulations of MFA 
tests with smooth and textured sleeves. 
At intermediate stage of insertions, the largest kinematic energy still emerges at the 
tip, and the influence of the tip insertion with the smooth penetrometer is more prominent 
than its counterpart since hotter colored arrows and larger span were spotted on the surface 
of the tip. In addition, the difference in the simulations becomes apparent: In addition to 
the intensive velocity zone below the cone tip, large particle movement was shown around 
the texture sleeve while the particles near the smooth sleeve on the left were not as active. 
Moreover, higher level of particle activities (around 0.3 𝐷𝐷𝑚𝑚𝑎𝑎𝑥𝑥) was built up in the area 
below the rough sleeve than the smooth one, for the texture patterns on the rough sleeve 
propelled more particles around it as it is advancing downward. The shape of the area of 
velocities larger than 0.2𝐷𝐷𝑚𝑚𝑎𝑎𝑥𝑥 resembles the failure pattern proposed by Berezantsev and 
Yaroshenko (1961) shown in Figure 5.18 (Berezantzev et al. 1961). If we loosen the failure 
threshold to 0.1 𝐷𝐷𝑚𝑚𝑎𝑎𝑥𝑥, a “butterfly” shaped boundary defined by dark blue color is similar 
to the pattern proposed by De Beer (1945). Note that the curved upward velocity bands 











extend to the sample surface, indicating that the soil mass above the cone tip has the 
tendency to move up as a block. On the other hand, in the downward direction, the effects 
of insertion of penetrometer with the textured sleeve extended much deeper than the effects 
of smooth sleeve. This phenomenon might root from the fact that the textured sleeve helped 
dragging nearby soil grains down and pushed the particles below the tip deeper toward the 
bottom.  
 
Figure 5.18: Failure modes for deep foundations (a) Berezantzev and Yaroshenko (1961) 
(b) De Beer (1945) and (c) Prandtl (1920) 
To the end of the penetration, the kinematic field patterns inherent almost all the 
features observed in the previous stage and influence zones of high-speed particles 
expanded their sizes. However, the upward velocities were almost vanished. An 
unexpected region of medium high velocity was noticed right behind the textured 
attachment sleeve. It is because the intensive shearing induced significant volume change 
beside the sleeve. As soon as the sleeve sheared across, the lateral confinement drove the 
particles back to the penetrometer. Moreover, the shape of the high velocity zone near the 
cone tip has changed to a form close to the failure type of a single pile foundation originated 
in the work by Prandtl (1920) (Figure 5.18c). 
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Particle rotation magnitude 
Finally, particle rotation is another microscopic measurement that is available in 
DEM simulations yet difficult to assess in laboratory or field tests. In Figure 5.19, particle 
rotation was plotted in degrees, and it follows the right-hand rule where the rotation axis 
in 2D is toward the viewer. In other words, negative values represent clockwise rotation 
shown in blue while positive rotation shaded in red stands for counter-clockwise particle 
rolling. Note that all left-hand side plots were transformed from their original plots by 
flipping along the y-axis, so the particle rotations on the left-hand side were reversed in 
rolling direction. At the beginning of the penetration, the localization of negative particle 
rotations, shown as the dark blue lines, started from the cone shoulder and extended to the 
surface of the specimen, which well defines the failure envelope. The soil above the failure 
plane worked as a block, thus the particles near the plane were extensively rotated.  
 
Figure 5.19:  Rotation fields in the specimens at the stages of (a) shallow penetration, (b) 
deep penetration-1, and (c) deep penetration-2 in the simulations of MFA tests with 
smooth and textured sleeves. 
(a) (b)




In Figure 5.19b, when the shear stresses were mobilized on the sleeves, multiple blue 
lines were formed in both simulations. In the MFA penetration, the negative rotation lines 
are approximately parallel and the outermost one connects the bottom of the textured sleeve 
to the surface near the boundary of the chamber. However, less particle rotation took place 
around the CPT smooth module: Only two negative rotation lines highlighted by the red 
arrows intersected at a point halfway to the boundary of the chamber. These findings 
indicate that the textured sleeve induced more interactions with soil since rotation energy 
reached further toward the boundary of the chamber.  
At the end of the penetration, counter-clockwise particle rotation was fully developed 
and concentrated along the penetrometers indicating that particle rotation was compatible 
with the movement of the MFA module, which was coincident with the directions of 
principal stress rotation. At the cone tip, a bulb-shaped volume was formed which 
resembles the pressure isobars of a single pile under a vertical loading on the top. This 
phenomenon only happened near the end of the simulation because the pressure at deep 
depths surpassed the strength of the soil mass. 
Particle rotation path 
The rotation paths of the first four columns of particles shown in Figure 5.16 during 
penetration were also examined. Each subplot of Figure 5.20 shows the results of a row of 
particles having horizontal distance of 40, 60, 80, 100 mm away from the centerline of the 
penetrometer respectively. The vertical location of the rows varies from 90 mm to 810 mm 
below the soil surface with intervals of 180 mm. In the figure, the depth of the measured 
particles in each subplot is indicated by the dashed red horizontal line. The first four rows 
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of the measurements were shallower than the final position of the cone tip while the last 
row of measurements was not reached but also influenced by the tip. Note that legends in 
the figure describes the information of the measurement in the form of “sleeve surface 
type-measurement row number-column number”. Again, same as in the particle rotation 
field plot, the positive direction of particle rotation is defined by the right-hand rule in 








Figure 5.20:  Rotation paths of selected positions in the soil specimen. 
In general, rotation of selected particles in the simulations with a textured sleeve 
almost always surpass the counterpart measurements in the conventional smooth sleeve 
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penetration. However, in both simulations, the particles started to sense the impact of the 
insertion before the cone tip reached the depths of the measured particles. This 
phenomenon is most prominent in the last layer (Figure 5.20e) which is below the final 
position of the cone tip: particles at depth of 0.8 m started to rotate when the MFA only 
penetrated 0.36 m into the soil. The vertical distance from the measured particles to the 
cone tip when the particles started to rotate was plotted against the initial depths of the 
measured particles in Figure 5.21. The changes of the distance are almost identical in the 
simulations with smooth and textured sleeves: With the depth increasing, the measured 
particles sensed the penetration impact earlier before the cone tip.  
 
Figure 5.21: The thickness of transition zone with respect to the depth of measurement. 
As soon as the penetrometer has been pushed to the depth of the interested particles, 
the peak clockwise particle rotation was observed. After the peak, to reach the final rotation 
state, the particles sheared against the rough sleeve require thicker transition zones. It is 
apparent in Figure 5.20c, where the measurements on the left-hand side plot have plateaued 







































reached their steady state at the same depth. This trend can be explained as that the textured 
sleeve incorporates larger amount of soil mass and needs much more energy to shear across 
the mass. In addition, the deeper the measurements are located, the smaller rotation is 
observed whereas the top layer of soil is an anomaly. It is assumed that the top soil is 
relatively loosely packed, particles are not well touched so that energy is not efficiently 
transferred from the penetrometer to the soil. At deeper locations, the confinement on the 
tracked particles is larger, thus, to rotate the particles, larger energy is needed. On the other 
hand, comparing the rotation paths of particles in each row, the particles having larger 
distance to the penetrometer rotated less, which is theoretically sound since the kinetic 
energy was consumed by the friction and rotation of particles that were closer to the 
penetrometer. 
5.3 The Influence of Penetrometer Insertion on Shear Zone Characterization 
In this section, a brief discussion on the interface shear behavior under the 
disturbance of penetrometer insertion was made in order to build linkage between the 
results obtained from the laboratory experiments/numerical simulations under undisturbed 
“perfect insertion” conditions and those achieved from in-situ field tests. The procedure of 
the test starts at a state when the lateral confinement on the sleeves is 50 kPa, which is 
obtained from the previous MFA penetration test. Then, shear the sleeves slowly against 
the soil with a total displacement of 65 mm which is the same as the amount sheared in the 
axisymmetric test. Two monitor windows were adopted for different purposes, which is 
shown in Figure 5.22. Window 1 is located closely to the sleeve to track the particle 
trajectories near the sleeves during shear. Window 2 starts from the surface of the friction 
sleeve and extends half way toward the chamber boundary. This window is designed for 
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shear zone characterizations, i.e. particle displacement, void ratio change, etc. Note that all 
the particles in both windows underwent 100% of 65 mm shearing. In the end of this section, 
a methodology for assessing penetration disturbance of any in-situ tools by utilizing the 
proposed DEM model is provided. The disturbance of conventional CPT module and a 
modified DMT module—𝐾𝐾0 stepped blade (KSB) during the in-situ tests were explained 
briefly as examples.  
 
Figure 5.22:  Monitor windows for shear zone characterization 
5.3.1 Particle Trajectory 
The micromechanical process at particulate-continuum interfaces presented by 
Martinez (2015) during axial shear tests under “perfect insertion” condition is shown in 
Figure 5.23 (Martinez 2015). During the axial shear, the load transferred from the sleeve 
to the soil mass resulting in soil grains being displaced mainly downward, which is the 
same as the shear direction. Particle trajectories in the vicinity of the friction sleeve shown 
in Figure 5.23b indicates that small lateral displacement was also taking place during shear 
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in addition to pure downward movement. In our simulation, particles in monitor window 1 
(Figure 5.22) were tracked. The trajectories of the selected particles during shear were 
recorded and plotted in Figure 5.24. Note that the axes in the plots are at different scales 
for better visualization. 
 
Figure 5.23: (a) Micro-mechanism proposed by Martinez (2015) and (b) particle 
trajectories from DEM simulations during axial shear against surface of 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 =
1.00 𝑅𝑅𝑅𝑅 under 50 𝑘𝑘𝑘𝑘𝐷𝐷 confinement. 
 
Figure 5.24: Particle trajectories obtained from the simulations of shear MFA against a 




































The particles tracked in the simulation of the textured MFA followed a similar travel 
pattern as those being monitored in the axisymmetric shear test shown in Figure 5.23. The 
particles mainly moved along with the penetration direction of the penetrometer with 
moderate lateral movement. The largest vertical and lateral particle displacements in the 
shear zone after a 65 mm shear displacement of the textured sleeve are approximately 27 
and 2.4 mm respectively. At the beginning of the test, only positive horizontal particle 
displacements were observed until particles underwent about 7 mm of vertical 
displacements, indicating that particles only moved outward in the horizontal plane. As the 
vertical shear displacement increased, particles near the rough sleeve rolled over the 
textured elements and dropped into the ditches behind them. Thus, negative particle 
movement (in the direction toward the sleeve) occurred. After the particles moved about 
15 mm downward, lateral displacements had reached the maximum magnitude. In addition, 
the largest positive lateral displacement (2 mm) is larger than the biggest negative 
movement (1.3 mm) because the largest possible negative displacement is the distance 
between the centroid of the particle to the surface of the sleeve while the sideway (positive) 
movement resulted from the loads transferred from the asperities on the textured sleeve. 
Comparing the trajectories in the tests with smooth sleeve and those with the sleeve 
with 1mm height textures, particles sheared against the rough sleeve travelled further in 
both axes.  The largest vertical and horizontal particle displacements near the smooth 
sleeve were only 6 – 7% of the displacements obtained in the simulation with textured 
sleeve. Moreover, the displacements of the particles in the smooth sleeve simulation did 
not consist of a lateral component in the negative direction. This can be attributed to the 
geometry of the sleeve surface: for the smooth surface, only friction force drives the 
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particles downward with marginal lateral shifts, whereas the asperities on the rough sleeve 
pushed contacting particles away perpendicular to its inclined facets and particles moved 
back to the sleeve surface after rolling over the textured elements.  
5.3.2 Shear Zone Characterization 
A study of particle displacements induced by axial shear can facilitate a good 
understanding of interface interaction at the particle level. The comparison of the results 
obtained from “perfect insertion” shear test simulation and in-situ penetration test should 
provide the influence of the disturbance brought by the penetrometer insertion. The 
centroids of particles in the sampling window shown in Figure 5.22 were monitored during 
shear loadings against smooth/textured sleeves after a displacement of 65 mm. In the 
axisymmetric shear test simulations, a zone of intense particle displacement was identified 
and referred to as “shear zone” (Martinez 2015).  
 
Figure 5.25: (a) The particle displacements caused purely by the sleeves and (b) The 
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Figure 5.25a shows the particle displacements with respect to the distance to the 
sleeves normalized with 𝐷𝐷50. The particles sheared against the smooth sleeve were barely 
displaced whereas those sheared against the textured sleeve underwent large displacements 
(at most 30 mm, equivalent to 46 % of total displacement of the penetrometer). Depending 
on thresholding on particle displacements, the thickness of the shear zone in the MFA 
penetration test can be determined as 4 to 8 × 𝐷𝐷50. These observations are in accordance 
with the findings of the laboratory axisymmetric shear tests: pure particle sliding is 
triggered when shearing with a smooth sleeve, while a shear zone of size equals to 4 to 7 
× 𝐷𝐷50 is formed near a rough surface when shearing against cohesionless soils (Frost et al. 
1999, Martinez et al. 2015). 
Figure 5.25b presents the displacements of the same particles tracked in Figure 5.25a 
during the whole process of MFA penetrations. Comparing with the results shown in Figure 
5.25a, many more particles were disturbed by the penetration even for the case of smooth 
sleeve: particles as far as 100 × 𝐷𝐷50  away from the sleeve had noticeable vertical 
movement in both simulations. Therefore, the disturbance of the MFA penetration 
dominates the particle displacements within the range of  100 × 𝐷𝐷50 away from the sleeve. 
However, within a distance equivalent to 10 × 𝐷𝐷50 from the sleeves, the two curves of 
particle displacements were prominently different. Since the size of this range is 
comparable to the shear zone thickness obtained from Figure 5.25a, it is considered that 
the difference in the pattern of particle displacement is attributed to the roughness of the 
sleeve surface. Thus, even with the disturbance of penetrometer insertion, we still can 




5.3.3 Volume Change in Shear Zone 
In the axisymmetric tests, dilation was observed within the shear zone under axial 
shearing as shown in Figure 5.26a (Martinez 2015). In a similar manner, the shear-induced 
changes in void ratio was plotted in terms of the normalized distance to the sleeves (Figure 
5.26b). The data was obtained from measurement circles of 3 mm in diameter uniformly 
distributed in the monitor window 2 shown in Figure 5.22. Similar to the particle 
displacement plot, no identifiable changes in void ratio were induced by the smooth sleeve 
during the penetration. However, volume dilation of the specimen caused by the shearing 
process against MFA was recognized within a distance of 6 × 𝐷𝐷50 to the sleeve, which is 
comparable to the shear zone detected in Figure 5.25. Immediately outside the volume 
expansion zone, a significant volume contraction took place in the range of 6 to 15 × 𝐷𝐷50. 
It is believed that in the shear zone, the particles were largely displaced such that the portion 
of the specimen falls in the dilative zone in the typical volume-displacement relationship. 
However, outside the shear zone, shear strain was relatively small and not sufficient to 
revert from contractive to dilative behavior in the afore-mentioned relationship.  
Although the local void ratio was evaluated with the disturbance of the MFA 
penetration, with proper post processing, results shown in Figure 5.26b still can used to 
define the dilation and contraction zones in the sample near the textured sleeve and further 




Figure 5.26: Void ratio change in (a) axisymmetric tests (Martinez, 2015) and (b) MFA 
penetrations against smooth and rough sleeves of 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 = 1.00 𝑅𝑅𝑅𝑅 under 50 𝑘𝑘𝑘𝑘𝐷𝐷 
confinement. 
5.3.4 Evaluation of Penetration Disturbance of In-situ Tools 
In the field, the insertion disturbance of the penetrometers during the in-situ tests is 
one of the influential factors on the reliability of the measurements. Thus, a method to 
properly evaluate the disturbance on the retrieved data is urgently needed. By only 
substituting the MFA penetrometer with simplified 2D geometry of any other in-situ tools, 
the need is fulfilled. All the simulation procedures from generating soil samples to post 
processing do not need to be changed. In this section, a short example of evaluating the 
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is provides. For simplicity, the disturbance in specimens induced by the insertions of the 
conventional CPT and the KSB modules were only evaluated in terms of particle 
displacements. Other aspects at least aforementioned in this chapter can also be used to 
extend the comparison. 
In the 2D representation, the shaft behind KSB has the same dimensions as the CPT 
model. Figure 5.27 shows that during the same penetrations, the CPT module induced 
much larger particle displacements in a broader range than the KSB when both devices 
intruded the same distance in the specimens. These disturbances were prominent near the 
sleeves, as highlighted by the black arrow. In contrast, the particle displacements beside 
the four blade membranes of the KSB remained at a relatively low level (highlighted by 
white arrows).  
 












Figure 5.28: The trajectories of particles at depth 0.04, 0.24, 0.44, 0.64, and 0.84 m. 
Further evaluation of the movements of particles in the red measurement circles 
shown in Figure 4.9a were accomplished, and the trajectories of these particles were 
plotted in Figure 5.28. At shallow depths, the particles in both specimens moved sideways 
and upwards. The specimen on the left behaves more dilative: particles within about 0.3 
m away (horizontally) from the CPT stopped at positions above their initial locations 
(dashed lines); In contrast, particles within only 0.2 m from the KSB moved above their 















moved less sideways and upwards but vertically downwards: The particles close to the 
CPT penetrometer were significantly displaced towards the bottom of the chamber. As a 
comparison, the particles below 0.74 m were slightly affected by the intrusion of the KSB. 
These findings agree well with the particle displacement field plot, and conform the 
conclusion that the KSB displaced less volume of soils than the conventional CPT. Thus, 
in terms of the penetration effects on particle displacements, the KSB should yield more 
reliable measurements of soil properties than a CPT.  
5.4 Conclusions and Observations 
This chapter presents the findings of a 2D numerical simulation study on penetration 
tests of CPT-MFA module. This model has been shown to be an effective tool for 
investigating the interface behavior during MFA penetration at multiple levels. 
Comparisons between the undisturbed axisymmetric axial shear test and the current MFA 
penetration test were also shown to provide useful insights and expand the understanding 
of the disturbance induced by the cone tip during penetration. Some conclusions and 
observations are made based on this model: 
• The tip resistance obtained from the penetration test model fits empirical equations 
well, which proved that the model can be used to investigate the influence of surface 
roughness on the interface behavior during penetration in the field. 
• Greater interaction was developed on the textured sleeve than the conventional 
smooth sleeve during penetration. In addition, the contact number on the sleeve has 
not reached a steady value yet at the end of current simulation, implying that higher 
interface strength could be expected with further penetration. 
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• Comparing to the conventional smooth sleeve penetrometer, a higher degree of 
interface interaction between a textured sleeve and soil mass was validated through 
mesoscale responses: Larger displacement along the penetration direction, higher 
degree of principle stress rotation, and larger void ratio changes were observed in the 
vicinity of the textured sleeve. 
• In microscale, on the textured sleeve, more prominent force chains and particle 
displacements were developed and compared to those from the conventional smooth 
sleeve. In addition, the patterns of particle velocity field and rotation field not only 
strengthen the argument of high interface interaction on the rough surface, but also 
provide insights of different failure envelops at different penetration stages. 
• The particle rotation paths at multiple locations in the sample suggest that larger 
influence range and higher degree of rotation were taken place when textured sleeve 
sheared against the soil. Moreover, particles started to rotate and sense the influence 
of penetration before the penetrometer reached the measured depths. Furthermore, 
deeper penetration was needed to fully mobilize the particle rotations in the 
penetration simulation with the textured sleeve. 
• The particle trajectory plot showed that particles in the shear zone at the textured 
sleeve surface were displaced much more than those near the smooth sleeve. In 
addition, some particles moved back to the surface of the textured sleeve as soon as 
they rolled over the texture elements. On the other hand, comparing to the 
axisymmetric shear test on the same textured sleeve, particles in the calibration 
chamber test had larger total displacement, which is attributed to the enlarged size of 
soil particles in the simulation. 
 
 173 
• Particle displacement was dominated by the penetrometer insertion. However, the 
penetration disturbance did not conceal the effects of interface roughness on particle 
movements. The shear zone thickness achieved from the penetration test is as 
accurate as that obtained from axisymmetric tests.  
• Like the dilative behavior observed in the axisymmetric shear tests, soil dilation is 
also observed close to the penetrometer in the simulation. The contraction zone was 
also clearly identified. However, the enlarged particles in the simulation induced 
more noise in the void ratio measurements. 
• A brief comparison between CPT and KSB modules in terms of the development of 
particle displacements during the penetration has shown the ability of the current 
numerical model to evaluate insertion disturbance of in-situ penetrometers.  
• Interface friction angle can be evaluated with the sleeve friction and lateral confining 
pressure. 
• Additional simulations with varied soil conditions (confinement, void ratio, friction 
angle, rolling resistance) and surface roughness (maybe different geometry) can help 
to summarize an empirical equation for the influential zone for penetrometer 
insertion as a function of soil conditions and surface roughness. 
• The model can be used to evaluate the normalization methods for tip resistance 
proposed in different studies. The current penetrometer insertion model can be used 
to evaluate all these normalization methods and possibly a new method that unifies 
existing results can be proposed, e.g., the choice of the best height of friction sleeve. 
• Penetrometer insertion in soils with complicated stratification is common in the field. 
The sleeve-soil interactions at the boundaries of soil layers can be used to evaluate 
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the measurement precision of the penetrometers. The results may lead to new designs 
of the penetrometers. 
• Instead of insertion, simulations of pull-out tests can be performed. This model will 




CHAPTER 6. THE DISTURBANCE OF PENETROMETER 
INSERTION ON TORSIONAL SHEAR BEHAVIOR AT 
PARTICULATE-CONTINUUM INTERFACES 
6.1 Introduction 
The study presented in this chapter evaluates the ability to simulate torsional 
interface shear tests under in-situ soil conditions by using a 2D axisymmetric shear model 
with modifications. The previous 2D axisymmetric torsional shear model (Martinez 2015; 
Martinez and Frost 2017) provided insights of microscale shear behavior at interfaces 
between sand and textured sleeves and built the links between micro- and macro-scale 
response. However, the initial state is unrealistic since the simulated sample was prepared 
without the disturbance of cone penetration. On the other hand, a 3D simulation of the in-
situ test consisting of both vertical insertion and torsional shear would be a better model 
for the problem, but the computational cost would be unacceptably large at present (several 
months). Thus, initializing the existing 2D torsional shear test model with pre-sheared soil 
conditions extracted from the 2D MFA penetration model introduced in chapter 5 could be 
a feasible and relatively accurate approach to simulate in-situ interface behavior subjected 
to torsional shear. In this chapter, the results of the proposed model and the existing model 
for undisturbed axisymmetric shear test are compared at multiple scales. These results shall 
improve the understanding of the mechanisms of granular-continuum interface shear when 




Figure 6.1: Measurement window for extracting stress and void ratio state around 
textured sleeve after penetration. 
 
Figure 6.2: Measured (a) porosity and (b) lateral stress around the textured sleeve at 
depth of 0.286 m in the 2D in-situ model. 
As briefly described in section 4.4, the soil sample of this model was prepared to the 
stress and porosity conditions measured near the textured sleeve when it penetrates to a 
specific depth in the 2D model of MFA penetration test. Figure 6.1 shows the measurement 
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window in the 2D penetration model after the sleeve has been pushed to the depth of 0.286 
m where the lateral pressure at rest is about 50kPa. As shown in Figure 6.2, measurements 
of lateral stress and porosity were plotted with respect to the distance to the sleeve 
normalized by 𝐷𝐷50. The sampling region was then split into three zones in terms of the 
distance to the textured sleeve, in each of which porosity and lateral confinement were 
averaged. The averaged porosity values were used to initialize the three zones in the planar 
torsional shear model shown in Figure 6.3. In addition, the averaged confining pressure 
was rebuilt in these zones via two additional rigid walls controlled by servo mechanism. 
Before shearing the textured sleeve against the sample, these two inner walls were removed 
to enable the particle-particle interactions during the simulation. Finally, a series of these 
simulations can be performed by simply initializing the model with the stress state and 
local porosity information extracted at different depths from the in-situ penetration model. 
By stacking these simulation results in the order of depth, interface behavior subjected to 
torsional shear in a spatial domain can be constructed. In the following context, this model 
is referred as “pseudo 3D model for MFA torsional shear test”. 
 
Figure 6.3: The schematic of the pseudo 3D model. 
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6.2 Results of Pseudo 3D MFA Torsional Shear Test 
A series of pseudo 3D torsional shear simulations were carried out by varying the 
surface roughness of the attachment sleeve, the configuration of the textured elements on 
the sleeve, the angularity of the simulated particles, and the initial soil condition. In 
addition, 2D simulations on undisturbed soil specimens with the same testing 
configurations were also performed as control group. If not specifically stated, the textured 
sleeve with surface roughness of 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 = 1𝑅𝑅𝑅𝑅 and a lateral confining pressure of 50 kPa 
was adopted as default in the simulation. The results are summarized from measurements 
made at scales ranging from particle level to sample level. Please refer to Chapter 4 for the 
details of the model and the post processing procedures. 
6.1.1 Macroscale Response 
Stress-displacement response 
The strength of the interface between the rough sleeve and the sand particles is 
evaluated by plotting the shear stress on the sleeve normalized by the confining pressure 
with respect to the total shear displacement. The simulation results of torsional shear at 
interfaces between pre-sheared and undisturbed specimens and a variety of sleeves with 
distinct surface roughness (ranging from 0 mm to 2 mm) are presented in Figure 6.4 and 
6.5. In both groups of simulations, the results agree with the interface behavior observed 
in other studies (Figure 2.4): with the surface roughness increasing, mobilized peak and 
residual shear strength increases, but the increment rates decrease with the roughness. 
When the sleeve surface is smooth, no apparent peak strength was observed in both models, 
and the interface strength was rather small because particle sliding is the governing 
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mechanism at the interface. In addition, the textured sleeves mobilized larger peak and 
residual strengths in the model without penetration disturbance. However, such 
discrepancy diminishes with the increasing of the sleeve roughness, indicating that 
interfaces with large roughness are more susceptible to the penetration disturbance. 
 
Figure 6.4: Interface strengths mobilized during the shear of textured sleeve against (a) 
pre-sheared and (b) undisturbed samples. 
 
Figure 6.5: Peak and residual strengths mobilized at the interfaces between pre-sheared or 
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Figure 6.6: Volumetric strain evolutions of the samples of (a) pseudo 3D model and (b) 
2D torsional shear model. 
Volumetric strain 
The volumetric strain of the sample in the pseudo 3D model induced by the torsional 
shear was evaluated with the diameter change of the servo-controlled chamber. Figure 6.6 
shows the development of the volumetric strains of the samples as a function of shear 
displacement. In the plot, negative values represent volume contraction. In the simulations 
under “perfect insertion” condition, the sample sheared against the smooth sleeve had 
negligible volume change, while the ones sheared against textured sleeves expanded in 
volume during the shear and the total volume expansion increases with the surface 
roughness. In each of these simulations, the volume expansion halted at a shearing 
displacement of about 10 mm, where the sample started to be sheared under constant 
volume condition. This phenomenon is attributed to the fact that the sleeves sheared against 
the same volume of soil that has been greatly remolded during the previous shearing 
process (Martinez, 2015).  In addition, the total volume change of the simulated sample is 














































the other hand, the volume changes of the specimens sheared against sleeves of 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 =
1𝑅𝑅𝑅𝑅 and  𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 = 2𝑅𝑅𝑅𝑅 were almost identical.  
Being consistent with the undisturbed 2D torsional simulations, the samples in the 
pseudo 3D models sheared against the sleeves with larger asperities are more dilative 
during the simulation. However, all the samples underwent compression before dilation. 
The largest volume shrinkage was mobilized at 2 mm shear displacement, and the 
magnitude is the same as the total volume reduction of the sample sheared against the 
smooth sleeve. The reason is that the penetrometer sheared the soil around the sleeve and 
created certain loose structures that are more contractive than the undisturbed soil. 
Moreover, unlike the undisturbed 2D torsional shear model, the volume change is still 
sensitive to the interface roughness when the sample is sheared against friction sleeves 
having asperities higher than 1 mm.  
Contact number on the sleeve 
The contact number on the sleeve, a key indicator of the shear strength of the 
interface, is monitored throughout the shearing process. Since the confining pressure is 
kept the same, lower contact number on the sleeve yields smaller total contact force, thus, 
less interface strength. Figure 6.7 presents the results of both simulation groups, who share 
similar trends when varying the surface roughness of the sleeve. The smooth sleeve always 
has higher number of contacts than any simulated textured sleeve. Among all the rough 




Figure 6.7: Contact number on the sleeves in (a) pseudo 3D torsional shear simulations 
and (b) 2D torsional shear simulations under "perfect insertion" condition. 
 
Figure 6.8: Zoomed windows at sleeve-particle interfaces and the relationship between 
averaged contact number and surface roughness. 
Looking closer at the particles near the sleeves, as shown in Figure 6.8: Particles in 
















































asperities on the base of the sleeve, a dramatic reduction in the contact number was 
observed since large gaps were created on the sleeve surface because of arching effects. As 
the roughness of the friction sleeve increases, the increased sleeve circumference lessens 
such effect. When the height of the textures is 2 mm, which is larger than the mean particle 
size, extra contacts were created on the ridge of the asperities.  
The disturbance of cone penetration on isolating interface friction and passive resistance 
Summarized in section 2.4, previous research on MFA has shown that the interface 
shear resistance is composed of two parts: the interface friction (IF) between soil particles 
and the MFA and passive resistance mobilized on the MFA surface. Specifically, in the 
MFA torsional shear test, Martinez (2015) defined the Torsional component (TC) force as 
the resistance developed on the protruding asperities subjected to the torsional shear 
(Martinez 2015; Martinez and Frost 2017). Martinez concluded that the IF components 
observed in axial and torsional shear tests are identical. Thus, correctly evaluating the TC 
force is paramount to accurately estimate the interface friction angle in the torsional shear 
test. The same author also proposed a method to determine the TC force that is analogous 
to the approach of estimating the annular penetration (AP) force in the axial shear test 
initiated by Frost and DeJong (2005). A series of tests with sleeves having the same 
texturing height but distinct textured coverage was performed. The relationship between 
the shear resistance mobilized on the textures and the pairs of texturing columns was fitted 
with a linear line, and the TC force was determined by the intercept of the line. In this study, 
sleeves with 11 (100% texturing coverage), 8 (73% texturing coverage), 6 (55% texturing 
coverage), 4 (18% texturing coverage), 2 (9% texturing coverage), 0 (0% texturing 
coverage) pairs of texturing columns were sheared against soil particles. The load on the 
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textured units is calculated by subtracting the stress on the smooth portion from the total 
shear stress on the sleeve.  
 
Figure 6.9: (a) Stress ratio-displacement curves for pseudo 3D simulations torsional shear 
tests with sleeves of various columns of textures and (b) the comparisons of the results 
obtained from the pseudo 3D simulations and the axisymmetric torsional shear tests. 
Figure 6.9a exhibits the stress ratio on the selection of sleeves as a function of 
torsional shear displacement. As expected, with broader coverage of texturing on the sleeve, 
the mobilized peak and residual strength is larger since the extra textured units provide 
additional passive resistance. Figure 6.9b presents the comparisons between the 
axisymmetric torsional shear tests and pseudo 3D simulations in terms of the stress ratio 
versus columns of diamond-shaped elements. As mentioned above, the intercepts of the 
trend lines are the estimations of TC forces. The TC force was usually estimated in terms 
of the residual strength from the point of view of design safety. The regression lines fitted 
for the residual interface strengths obtained from the simulations and laboratory tests are 
almost parallel. The TC force computed from the pseudo 3D simulations is 0.11 which is 
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samples (0.12). However, in the simulations, the additional stress mobilized on the textured 
patterns becomes smaller when increasing the total number of diamond elements, 
indicating the cone penetration disturbance does affect the estimation of the TC force of 
the sleeve, but not dramatically.  
A different design approach based on both peak and residual shear strengths should 
be adopted if economic constraints also need to be taken into account (Leshchinsky 2001). 
In the tests of undisturbed specimen, the estimated TC force based on the interface peak 
strength is smaller than the one obtained from the residual strength. As a result, the 
interface friction calculated as the difference between the total load and the TC force is 
larger. Geotechnical designs based on such interface friction shall yield a relatively unsafe 
structure than a design derived from residual strength-based TC force estimation. In 
contrast, in the pseudo 3D model, the TC force calculated from the peak strength is larger 
than the estimate produced from critical state strength. It is not controversial since the loose 
structure close to the sleeve resulting from the penetration disturbance prominently affects 
the peak stress at the interface, but it does not influence the critical state shear strength at 
the interface much because the soil at this stage is fully remolded and becomes insensitive 
to the initial soil condition. 
6.1.2 Torsional Shear-Induced Changes in Mesoscale 
Principal stress rotation 
Projects involving large principal stress rotation are common in the practice of 
geotechnical engineering. However, the effects of principal stress rotation on soil behavior 
are always not considered in classical plasticity theories (Yu et al. 2011). In this model, the 
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directions of principal stresses were monitored in measurement circles that are distributed 
throughout the specimen during the simulation. The arrangement and updating criteria of 
these measurement circles were proposed in section 4.4. Figure 6.10 shows the 
development of local principal stress vectors in the sand specimens of the pseudo 3D and 
2D models of the axisymmetric torsional shear test. The local principal stresses are 
represented by cross marks whose long and short axes denote for major and minor principal 
stresses respectively. The lengths of these axes are normalized by the maximum magnitude 
of the stresses in the specimen.  
 
Figure 6.10: Principal stress vectors at different shear stages in (a) the pseudo 3D model 
and (b) 2D model for axisymmetric torsional shear test. 
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Before shearing, the local major principal stresses in most of the measure points were 
aligned perpendicular to the sleeve and chamber surfaces with little variations in both 
simulations. When the peak strength of the interface was reached, the principal stresses in 
the vicinity of the textured sleeve in both simulations were highly rotated. The directions 
of local major principal stresses are almost 45° to the radial directions, which are normal 
to the slanted surfaces of the textures on the sleeve. The “chain” of highly rotated principal 
stresses in the sample of the pseudo 3D model extends about 2/3 of the distance from the 
sleeve to the chamber wall. In addition, the measurements far from the sleeve also showed 
apparent stress rotation. On the other hand, no apparent stress rotation was observed 
beyond a distance of 1/3 of 𝑅𝑅𝑐𝑐ℎ𝑎𝑎𝑚𝑚𝑏𝑏𝑎𝑎𝑟𝑟  from the sleeve surface in the 2D axisymmetric 
model. At the residual stage, both specimens were fully remolded. Nevertheless, greater 
anisotropy was observed in the pseudo 3D model. 
 
Figure 6.11: Measurement configuration for the stress evolution study. 
To study the stress evolution as a function of the distance to the rough sleeve, stress 
measurements at four distinct locations in each specimen were monitored during simulation 
(Figure 6.11). Figure 6.12 compares the development of principal stress orientations in 







principal stress in all four measurement circles were always negative indicating counter 
clockwise rotation. On the other hand, the principal stresses measured in the undisturbed 
sample underwent mostly clockwise rotation during shearing. In addition, the stresses in 
the circles 2-4, which are far from the sleeve, didn’t spin much after a shear displacement 
of 3 mm showing that the torsional motion of the textured sleeve had marginal impact on 
the stresses at positions more than 15 𝐷𝐷50 away from the sleeve.  
 
Figure 6.12: Principal stress rotation in (a) pseudo 3D and (b) 2D axisymmetric torsional 
shear simulations. 
By merely analyzing the measurements closest to the shear sleeve (the red curves in 
the radar plots), distinct patterns of principal stress rotation were observed: The orientation 
of the major principal stress in the undisturbed specimen spun clockwise until the textured 
sleeve had been sheared for a displacement of 36 mm, after which counter clockwise 
rotation became dominant indicating the soil close to the sleeve had been fully remolded. 
As a comparison, the major principal stress in circle 1 of the pseudo 3D model was rotated 































































































displacement of 5 mm, which is coincident with the displacement needed to mobilize the 
peak interface strength and initiate volumetric dilation. Thus, the counter clockwise 
principal stress rotation correlates closely to the volume contraction and shear strength 
development at the sleeve-particle interface. Figure 6.13 visually reveals the distinctions 
of these two simulations: The distribution of the principal stress rotation for the pseudo 3D 
simulation is skewed towards the negative side with a median value of -7°. On the other 
hand, the statistic of the 2D axisymmetric torsional shear simulation inclines to the 
clockwise direction with a median of 6°. 
 
Figure 6.13: Principal stress rotation in measurement circle 1 in (a) pseudo 3D and (b) 2D 
simulations of the axisymmetric torsional shear test. 
Stress path 
When the stress tensor of a point in the soil mass undergoes changes, these changes 
may be conveniently represented on a plot of deviatoric stress against mean stress. 
Schofield and Wroth (1968) have described the use of the stress path method in solving 
stress-strain problems in soil mechanics (Schofield and Wroth 1968). Figure 6.14 presents 




































Principal stress rotation (°)(a) (b)
 
 190 
effective stress-deviatoric stress (𝑝𝑝′ − 𝑞𝑞) plane during simulations of the torsional shear 
test. In the plot, the mean effective stress and deviatoric stress for triaxial condition are 
defined as follows: 
 𝑝𝑝′ = (σ1′ + 2σ3′ ) 3⁄  (24) 
 𝑞𝑞 = σ1′ − σ3′  (25) 
 
Figure 6.14: (a) Stress distributions in measurement circles on the 𝑝𝑝′ − 𝑞𝑞 plane during 
torsional shearing and (b) the distributions of starting and ending stress conditions. 
In Figure 6.14a, comparing the stress changes in circle one to three of the pseudo 3D 
model, the mean stress required to mobilize the peak shear stress increases with the distance 
between the measured position and the sleeve surface. In addition, the maximum and 
minimum deviatoric stresses also become larger when the measurements are made closer 
to the sleeve. However, the stress distribution in circle four does not conform with the 







































































































controlled chamber. On the other hand, in simulation of the torsional shear test on the 
undisturbed specimen, the spectrums of the deviatoric stresses measured at all four 
positions are almost identical. However, the variation of mean stress gradually decreases 
as the measurement position gets close to chamber.  
Figure 6.14b shows the starting and ending stress conditions in the measurement 
circles on the p-q plane. In both simulations, the long axis of the elliptic envelope of the 
stress origins is perpendicular to the major axis of the envelope of the stress destinations. 
In the 2D model, the initial and final points on the p-q plane are very close indicating that 
the stress condition in the undisturbed specimen is almost recovered after the torsional 
shear. In contrast, the specimen of the pseudo 3D model behaved more heterogeneously 
and the difference between the initial and final stress conditions is prominent. 
Further investigations on the process of stress change referring as the stress paths are 
plotted in Figure 6.15 and 6.16 for pseudo 3D and 2D simulations respectively. Both 
specimens underwent loading and unloading during the simulation since the mean and 
deviatoric stresses were enlarged but concluded at lower stress levels. In addition, the 
closer to the sleeve, the larger extent of loading and unloading is. In the pseudo 3D model, 
the measurements near the frictional sleeve and calibration chamber experienced greater 
degree of unloading than loading meaning these portions of soil ended up at lower mean 
and deviatoric stresses than the original state. Nevertheless, in the middle of the specimen, 
the deviatoric stress was magnified comparing to the starting stress state. On the other hand, 
the stress paths in the undisturbed specimen always finalized at higher deviatoric stress but 
slightly lower mean stress except that the stresses near the textured sleeve measured at the 




Figure 6.15: Stress paths in the measure circles in the specimen of the pseudo 3D model. 
 
Figure 6.16: Stress paths in the measure circles in the specimen of the 2D axisymmetric 


































































































































































































Polar histogram of contact information 
With the assistance from the measurement window proposed in Figure 4.13, 
knowledge of contact forces and normal directions was explored. Figure 6.17a presents the 
contact information of the pseudo 3D torsional shear model at the initial, peak, and residual 
stages. The magnitude of each bar in the plots was normalized with the mean of the 
corresponding values within the measurement window. At the beginning of the simulation, 
the contact orientations and normal forces are mostly concentrated in the vertical direction 
which is the same direction as the applied radial confinement on the boundary. In addition, 
the shear forces were localized in the directions of -120°/60° and -30°/150° that are 
perpendicular to each other. The mobilization of shear forces is due to the non-zero friction 
coefficient applied to particle-particle contacts in the consolidation phase and the non-
homogeneity induced by the embossment patterns on the sleeve. When the peak strength 
of the interface was developed, both contact normal directions and contact forces shown 
on the polar histograms diverted from the vertical direction to an orientation of roughly 
45°, which is in good agreement with the direction of major principal stress shown in 
Figure 6.10. At this stage, the shear forces were mostly developed in the direction of -
120°/60°. In the end of the shear loading, no apparent stress rotation was observed from 
the figure. The contact information in the undisturbed sample in the 2D simulation of 
axisymmetric torsional shear test is shown in Figure 6.17b. The most obvious difference 
from the pseudo 3D simulation is the distribution of the contact normal directions: At the 
initial stage, contacts were localized in -60°/120° and -120°/60° directions. Then these 
directions gradually rotated for about 60° clockwise during the simulation, which is slightly 
larger than the 45° observed in the pseudo 3D model. These results indicate that the 
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disturbance induced by the cone penetration has some but not significant effects on the 





Figure 6.17: Polar histograms of contact normal, normal force, and shear force for (a) the 
pseudo 3D model and (b) the 2D axisymmetric model. 
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Local porosity change 
The changes of local porosity in the circular specimen under torsional shear in the 
two referenced models are evaluated in Figure 6.18. In the figure, each point denotes the 
averaged porosity in the measurement circles having the same distance to the frictional 
sleeve, and these measurements were collected from the positions highlighted in Figure 
4.12a. In agreement with the findings of laboratory experiments on MFA axisymmetric 
torsional shear tests, significant dilation took place near the sleeve in both simulations. The 
blue and green vertical dashed lines indicate the boundaries of volume dilation and 
contraction zones in the pseudo 3D and 2D models, respectively. In the pseudo 3D 
simulation, the size of the expansion zone is about 10.5 mm which is equivalent to 6.5 𝐷𝐷50, 
while the counterpart in the 2D simulation on the undisturbed specimen is as large as 9.4 
𝐷𝐷50 (15 mm). Beyond the boundaries of the volume dilation zones, contractive behavior 
was observed in both specimens. The contraction gradually reduces to a negligible level at 
the distance of 23.5 mm (14.7 𝐷𝐷50) and 28.5 mm (17.8 𝐷𝐷50) from the sleeve in the pseudo 
3D and 2D simulations respectively. Immediately outside the contraction zone, the local 
porosity returns to the initial condition, implying that contraction zone is the furthest extent 
that the torsional shear of the textured sleeve can reach to. In comparison, the specimen in 
the pseudo 3D simulations behaves more dilative near the sleeve and more contractive 
outside the dilation zone. These results are robust since denser sample tends to contract 
less (the initial density of the specimen in the inner ring of the pseudo 3D model was higher 




Figure 6.18: Shear-induced porosity changes during torsional shear in both pseudo 3D 
and 2D axisymmetric simulations. 
Figure 6.19 exhibits the shear induced volume change in the simulated specimens 
that are sheared against friction sleeves of varying surface roughness. In all simulations, 
the magnitude of both dilation and contraction increases with increasing surface roughness. 
In the pseudo 3D torsional shear simulation, the extent of the dilation and contraction zones 
also increases with the sleeve surface roughness. However, further increase in the sleeve 
surface roughness beyond 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 = 0.25 𝑅𝑅𝑅𝑅 did not result in noticeable changes in the size 
of these featured zones. These results are attributed to the loose soil structure close to the 
sleeve because of the disturbance of cone penetration. On the other hand, in the 2D model 
with the undisturbed specimen, the size of the contraction zone complies with the similar 
bilinear trend observed in the pseudo 3D model: the extent of the contraction zone increases 
to 14 mm and becomes impervious to the further increasing of the texture height on the 
friction sleeve. Nonetheless, different from the response to the sleeve roughness in the pre-
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monotonically increases when raising the texture height on the sleeve surface. This is 
because more particles are in contact with the sleeve shown in Figure 6.8. 
 
Figure 6.19: Effects of surface roughness on the characteristic zones in the (a) pseudo 3D 
and (b) 2D axisymmetric torsional shear simulations.  
6.1.3 Connecting Microscale Shear Behavior to Response in Higher Order Scales 
Particle displacement 
The shear zone in axial and torsional axisymmetric shear tests usually refers to the 
volume of soil in the specimen undergoes large particle displacements. In laboratory, the 
size of the shear zone is always evaluated by visually measuring the movements of 
highlighted sand particles in a section of the specimen (Figure 6.20a). Similar to the 
physical approach, a column of sand particles was highlighted with a unique color in DEM 
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zone (Figure 6.20b and c). It is apparent that the thickness of the shear zone measured in 
the pseudo 3D model is larger than that obtained from the 2D model by visually comparing 
the size of the dashed lines denoting the extent of sand column distortion. 
 
Figure 6.20: Shear zone detection in (a) laboratory torsional shear test, (b) pseudo 3D 
torsional shear simulation, and (c) 2D torsional shear simulation. 
 
Figure 6.21: Particle displacements in (a) pseudo 3D and (b) 2D axisymmetric torsional 
shear simulations as a function of sleeve displacement. 
A quantitative analysis on the shear zone thickness and length was performed to more 
accurately characterize the shear zones developed in pre-sheared and undisturbed soil 
















































Figure 6.20 were monitored during simulations. Figure 6.21 plots the particle 
displacements with respect to the absolute distance between the particle and the friction 
sleeve. In this study, a query of the furthest particle underwent at least a displacement 
equivalent to 𝐷𝐷50 was conducted, and the distance from the friction sleeve to this particle 
defines the shear zone thickness. Moreover, the shear zone length is represented by the 
largest particle displacement observed within the shear zone. Figure 6.22 presents the 
progression of shear zone formation in both simulations performed against the sleeve of 
𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 = 1 𝑅𝑅𝑅𝑅.  
 
Figure 6.22: Shear zone (a) length and (b) thickness as a function of sleeve (𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 =
1 𝑅𝑅𝑅𝑅) displacement in pseudo 3D and 2D axisymmetric shear simulations. 
The results indicate that the shear zone lengths in both pseudo 3D and 2D 
axisymmetric torsional shear simulations at all shear displacements are almost identical, 
which are linearly increasing with the shear displacement of the sleeve. Figure 6.22b shows 
different growth patterns of the shear zone thickness: The shear zone thickness increased 
sharply at the beginning of both simulations until a shear displacement of 20 mm was 


















































torsional shear did not lead to obvious changes. In contrast, the shear zone observed in the 
pseudo 3D model resumed growing at the shear displacement of 35 mm. In addition, the 
shear zone thickness of the pseudo 3D model was always larger than that of the 2D model 
since a shear displacement of 5 mm, which agrees well with the observation from Figure 
6.20b and c. 
 
Figure 6.23: Shear zone length and thickness as a function of interface roughness in (a) 
pseudo 3D and (b) 2D axisymmetric shear simulations. 
The effects of sleeve roughness on the shear zone development in both simulations 
are plotted in Figure 6.23. In accordance with the observation from Figure 6.22a, the 
lengths of shear zones in the simulation pairs are almost the same when shearing the 
specimens against sleeves of varying surface roughness. In addition, shear zone length 
increases with the increasing interface roughness, but the rate of increase gradually slows 
down. On the other hand, the shear zone thickness has remarkable increases at low surface 
roughness, but merely marginal changes were developed when increasing the texture from 
1 mm to 2 mm. Moreover, in conformity to the range of evident principal stress rotation, 
the shear zone thickness in the pseudo 3D simulation is always larger because of its drastic 





















































Figure 6.24: The sizes of shear zones and dilation zones in (a) pseudo 3D and (b) 2D 
axisymmetric torsional shear simulations. 
Shear zone, dilation zone, and contraction zone 
By comparing the area of intensive particle displacement with the zone of dramatic 
volume change, the torsional-shear-induced microscale response to mesoscale shear 
behavior can be bridged. As reported by Martinez (2015), the zones of volume dilation and 
large particle displacement are different but usually close in size. In line with this finding, 
similar results were achieved from both pseudo 3D and 2D torsional shear DEM 
simulations as shown in Figure 6.24. In the simulation on pre-sheared specimen, both 
featured zones enlarge abruptly at low interface roughness and then approach to stable sizes. 
However, the curve of the dilation zone plateaus at a lower interface roughness than the 
curve of shear zone. In the simulation under “perfect insertion” condition, the characteristic 
zones monotonously increase with the interface roughness, and the curves are roughly 
parallel, with dilation zone being slightly larger than the zone of intensive particle 
movement. However, the size of dilation zone should always be no greater than the shear 
zone, since the cause of volume expansion is rotation frustration at particle-particle 




















































should result from the measurement error of the representative volume element (RVE). 
Furthermore, the contraction zone is always not connected with the shear zone because of 
the totally divergent causal mechanism. Particle displacements in the contraction zone are 
relatively small since the zone is formed by the pressure resulted from the volume 
expansion near the sleeve. This mechanism is similar to that of passive resistance of 
retaining walls in which only small wall displacement is required to mobilize the full shear 
resistance.  
Particle trajectory 
As briefed in chapter 2 (Figure 2.25), the mechanism of particle movements in the 
shear zone under torsional shear loading is different from that under axial shear. With 
torsional shear motion, the sleeve not only transfers forces along the shearing direction but 
also in the radial direction which is due to the unique passive resistance developed on the 
textures of the sleeve in the tangential direction. In addition to the shearing direction, the 
initial soil structure near the sleeve also plays a crucial role. Figure 6.25 shows the 
trajectories of particles acquired from the sampling window in the shear zone. The results 
show that particles in the shear zone of the pre-sheared sample were displaced in a wider 
range than the particles in the undisturbed specimen: The particles initially close to the 
sleeve were displaced more radially away from the sleeve, while the ones further away 
from the sleeve before shear were pushed towards the sleeve. These findings are 
theoretically sound since the particles close to the sleeve textures are governed by the 
passive resistance built up on the sleeve. In addition, thanks to the loose soil structure 
caused by the disturbance of cone penetration, particles in the shear zone but not in direct 
contact with the sleeve asperities are prone to be displaced towards the sleeve by the lateral 
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confinement. These differences are considered to bring about the different mesoscale 
interface behavior discussed previously in this chapter.  
 
Figure 6.25: Particle trajectories in the shear zone of (a) pseudo 3D and (b) 2D 
axisymmetric torsional shear simulations. 
Particle rotation 
The microscopic embodiment of local volume change is the frustration effect of 
particle rolling taking place at inter-particle contacts because of the incompatible directions 
of particle spin, which was reported by Santamarina and Shin (2009) and discussed in 
chapter 2 of this thesis. Figure 6.26 shows the distributions of absolute particle rotation at 
different shear stages in pseudo 3D and 2D axisymmetric torsional shear simulations. As 
the torsional shear of textured sleeve continues, the magnitude of particle rotation as well 
as the area of intensive rotation increase even after the peak strength is reached. The scope 
of particles undergoing more than 2.5° rotation in the pseudo 3D model is slightly larger 
than the area in the 2D model indicating a larger number of contacts overcame rotation 
frustration. A detail distribution of particle rotation in shear zones are plotted in Figure 


































































trends of particle rolling, the two distributions are both skewed toward counter clockwise 
rotation. However, the particle rotation in the shear zone of the pseudo 3D model is even 
more unbalanced. For example, comparing the bars for particle rotation in intervals of [-
50°, 0°] and [0°, 50°] that are highlighted with arrows, the discrepancy in the frequency of 
particles rotated for the same degree but different directions in the pseudo 3D model is 
20%, while the difference observed in the 2D axisymmetric torsional shear simulation is 
only 12%. This indicates torsional shear loading in the undisturbed specimen yielded more 
compatible rotation (explained in Figure 2.1) than in the pre-sheared sample, thus less 
rotation frustration had taken place. The frustration of particle rotation is considered the 
main source of volume dilation under shear loading; Thus, it builds the link to the higher 
porosity increase in the shear zone observed in the pseudo 3D model. 
 
Figure 6.26: The development of absolute particle rotation in pseudo 3D and 2D 











Figure 6.27: The histograms of particle rotation for (a) pseudo 3D and (b) 2D 
axisymmetric torsional shear simulations. 
 
Figure 6.28: Histograms of particle rotation for pseudo 3D torsional shear simulations 
with particle rolling resistance of (a) 0.0, (b) 0.25, and (c) 0.5. 
As discussed in chapter 3, rolling resistance coefficient in the contact model controls 
the angularity of the simulated soil particles. Thus, by varying the coefficient of rolling 
resistance at inter-particle contacts, the difference in torsional shear-induced rotation for 
soils of distinct angularity can be evaluated. The distributions of particle rotation in the 
specimens with angularity equals to 0.0, 0.25, and 0.5 are presented in Figure 6.28. When 
the rolling resistance coefficient was set to 0.0, the soil grains were free to rotate. The 
distribution is close to a normal distribution and particles mostly spun in compatible 
 

















































directions with little frustration. As the angularity of soil grains increases, the distribution 
of particle rotation becomes narrower because of the enhanced resistance to particle rolling. 
In addition, the distribution becomes more asymmetric which is manifestly revealed by the 
two bars closest to the axis of zero rotation.  
6.3 3D Reconstruction of In-Situ MFA Torsional Shear Simulation 
The insights of interface behavior subjected to axial and torsional shear has been only 
delivered in a 2D space in Martinez (2015) and this thesis so far, with the absence of spatial 
response of the studied interfaces in a 3D domain. The serial sectioning technique first 
adopted in the field of material science, consists of taking images of the specimen 
sequentially while gradually shaving off the top surface by a controlled thickness, and 
stacking these images in the sliced order to recreate a 3D representation of the specimen 
(Lu, 2010). This technique can be naturally adopted in DEM simulations by stacking the 
results of a series of 2D DEM simulations. It is of practical significance since 3D DEM 
simulations are not time efficient because of the current limitation of computational 
capabilities. In contrast, 2D DEM simulations are less time consuming and can usually 
yield reasonable results. Thus, as mentioned earlier, by using confining stress and local 
porosity extracted at distinct depths in the specimen of the 2D MFA penetration model as 
the inputs to a series of pseudo 3D simulations and stacking the 2D information obtained 
from these simulations, response from micro- to macro-scale discussed above can be 
reconstructed in a pseudo 3D domain. As an illustration, local porosity in the specimen 
near the textured sleeve was collected when the sleeve penetrates to depths of 0.286 m, 
0.43 m, and 0.573 m in the specimen corresponding to lateral confining pressure of 50 kPa, 
75 kPa, and 100 kPa respectively. With the information of confining stress and local 
 
 207 
porosity, three pseudo 3D torsional shear simulations were performed. Figure 6.29 exhibits 
the configuration of measurement windows and porosity distribution in such sampling 
windows. As the lateral confinement increases, the porosity in the inner and outer zones 
decreases linearly, while the value obtained from the middle zone increases. The multiscale 
response discussed earlier in this chapter are all readily available to evaluate MFA torsional 
shear test under in-situ conditions. Herein interface strength, stress path, and particle 
displacement field are selected to set examples of reconstructing spatial profiles of 
torsional shear response at three different scales. 
 
Figure 6.29: (a) Sampling window for the successive pseudo 3D torsional simulations 
and (b) the averaged porosity in each zone of the sampling windows. 
Stress-displacement response 
Figure 6.30a and b show the development of torsional shear stress on the textured 
sleeve in the pseudo 3D and 2D axisymmetric torsional shear simulations with stress and 



























Figure 6.30: Torsional shear stress-displacement curves for (a) pseudo 3D and (b) 2D 
axisymmetric torsional shear simulations and (c) failure envelops of the pseudo 3D and 
2D torsional shear simulations. 
failure envelops of MFA torsional shear in an undisturbed (2D) and a pre-sheared (pseudo 
3D) uniform soil layer. In both situations, peak and residual torsional shear strength at 
sleeve-particle interfaces decreases as the sleeve intrudes into deeper locations in the 
ground (or higher confining pressure). The stress ratios in the pseudo 3D simulations are 
always smaller than those in the 2D simulations, indicating the disturbance of cone 
penetration deteriorates the torsional shear strength of the sleeve-particle interface. In the 
torsional shear tests on undisturbed specimens, both the peak and residual interface strength 
complies to the same 2nd order polynomial function with merely different offset in the 
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with different external confining pressure. On the other hand, linear trendlines best fit the 
development of peak and residual shear strength on the sleeve in the pseudo 3D simulations. 
Moreover, the difference between the peak and residual torsional shear strength decreases 
with the confining pressure. These results show that the lateral confinement does not 
influence much on the extent of strain softening in the undisturbed sample while shearing 
against a textured sleeve of  𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 = 1 𝑅𝑅𝑅𝑅. Nevertheless, the strain softening effect is 
mitigated by raising the lateral confinement on the pre-sheared specimen. The loose 
structure/volume expansion near the sleeve resulted from the cone penetration is the major 
cause of this difference. With an increasing pressure, denser structure is expected in the 
area near the sleeve. As a result, the decrease in shear stress ratio is diminished. 
Stress development in shear zone 
The stress evolution in the shear zone of pseudo 3D torsional shear simulations on 
samples at different depths in the soil of calibration chamber tests was monitored in the 
sampling window shown in Figure 6.11. Figure 6.31 shows the stress paths of the three 
pseudo 3D simulations. The extent of stress changes in the shear zone on the p-q plane 
increases as the lateral confinement becomes larger. In addition, the largest deviatoric 
stress in the measured volume linearly increases with the confining pressure, showing 
increasing disturbance was induced by cone penetration at deeper location in the soil 
sample. During torsional shearing, all specimens underwent the process of stress loading 
and unloading. At the depth where lateral stress is 50 kPa, a final state consisting of lower 
mean and deviatoric stresses than the initial stress level was observed in the shear zone. 
Moreover, with the raising of confining pressure, the degree of shear stress loading 




Figure 6.31: Stress paths of pseudo 3D models with inputs extracted from the specimen 
of chamber test simulation when the sleeve penetrated to depths where lateral stress is 50, 
75, and 100kPa respectively. 
Pseudo 3D microscopic response 
The visualization of microscale response is straightforward because information at 
this level was distinctively achieved from the minimum elements of DEM simulations, i.e., 
particles and contacts. Hence, shear behavior in the whole 3D specimen can be recreated 
from the results of a series of pseudo 3D torsional shear simulations. Albeit spatial particle-
level interactions in the 3D specimen could be revealed by performing pseudo 3D 
simulations at depths corresponding to close vertical separation (sub-particle size), as an 
example, only three simulations mentioned above were conducted to illustrate the 
methodology of reconstructing the pseudo 3D microscale response. Figure 6.32 shows the 
map of normal contact force in the three simulations initialized with stress and porosity 
information achieved at specified depths. With greater lateral confinement, thicker and 


























the specimen, indicating larger shear stress was mobilized at the sleeve-particle interface 
during torsional shear. The contact force distribution shown in Figure 6.32b proves this 
argument quantitatively: In the simulation at shallow depth, most of the contact forces are 
below 50 N and the maximum magnitude is around 200 N. When the sleeve sheared at 
greater depths, the frequencies of large contact forces as well as the largest value in the 
specimen increase. 
 
Figure 6.32: (a) Mobilized force chains after torsional shear at three designated depths 
and (b) the corresponding contact force distribution in each specimen. 
6.4 Conclusions and Observations 
In this chapter, an approach of simulating MFA torsional shear tests on pre-sheared 
samples was introduced by reproducing soil states near the sleeve after MFA penetration. 
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The results obtained from this model—pseudo 3D torsional shear model—provide insights 
of the effects of cone insertion on torsional shear behavior at sleeve-particle interface. By 
comparing the pseudo 3D model with 2D axisymmetric torsional shear model, multiscale 
response was investigated to not only qualitatively but quantitatively assess the disturbance 
induced by cone penetration from the engineering point of view. Finally, a method to 
reconstruct spatial shear response from a series of pseudo 3D simulations was proposed. 
Herein lies the conclusions and observations: 
• Except for the lower dimensionality, another advantage of the pseudo 3D model is 
that the simulations can be readily divided and distributed to different computer 
nodes. Thus, as soon as a 2D penetrometer insertion simulation is performed, a series 
of pseudo 3D simulations can be initialized and run in parallel on different computers. 
As a result, a runtime equivalent to merely a 2D torsional shear test is needed. 
However, the total time to reconstruct spatial results from these pseudo 3D 
measurements also includes stitching and visualization. 
• The current pseudo 3D model is initialized with soil conditions extracted from the 
2D penetrometer insertion model, then torsional loading is applied to the 
penetrometer. With this approach, the influence of axial pre-shearing on subsequent 
torsional shearing mode was evaluated in this study. However, penetrometer 
insertion is a continuous process, the torsional shearing on the other hand can 
influence the axial shear response in the next penetration interval. Thus, to be more 
precise, the soil conditions of the 2D penetrometer insertion model should also be 
adjusted according to the impact of the previous torsional shearing. 
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• The measured global torsional shear stress on the textured sleeve sheared against the 
pre-sheared specimen is always smaller than that in the simulation without cone 
disturbance. The difference is attributed to the looser structure created by the 
intrusion of the penetrometer since apparent contractive volumetric changes are 
observed at the beginning of pseudo 3D simulations which are usually negligible in 
2D axisymmetric shear tests on intact specimens. 
• The geometry of the current surface textures in the vertical and rotational directions 
on the latest textured sleeves is different: the length of the textures in the vertical 
direction is larger than that in the horizontal direction. In addition, there is no 
“passthrough” area subjected to the torsional loading. If we could homogenize the 
geometry of the sleeve surface in both directions, the distinct shear mechanisms of 
axial and torsional shear motions would be assessed more precisely. 
• The estimation of passive resistance on the texturing patterns on the sleeve is 
marginally affected by the cone penetration disturbance when using the residual 
stress on diamond elements as guideline of geotechnical engineering design. 
However, given economic considerations, design approaches based on peak stress or 
at least a hybrid of peak and residual stresses could be adopted when the foundation 
soil is competent. 
• The local principal stress rotation correlates to the volumetric change of soil 
specimen during torsional shear. In the pseudo 3D model, the contractive response 
before the mobilization of the peak shear strength coincides with the counter 
clockwise principal stress rotation in the shear zone. After the peak, clockwise 
rotation aligns with the volume dilation during successive torsional shear. 
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• Stress paths in the shear zone of the pseudo 3D simulations show dramatic loading 
and unloading process during torsional shear, while smaller extents of loading and 
unloading in the simulations of undisturbed samples are observed. Hence, the pre-
sheared specimen was more susceptible to the torsional shear loading. 
• The measurements on the changes of local porosity suggest that the dilation zone 
induced by the torsional shear in the pre-sheared sample has a smaller size than that 
in the intact specimen. In contrast, the extent of contraction zone immediately outside 
the dilation zone in the pseudo 3D model is larger. These phenomena are all due to 
the breakage of the looser structure close to the sleeve in the pre-sheared specimen 
during torsional shear loading, which makes the specimen easy to be compressed. 
• Shear-induced volume expansion zone and shear-induced intensive particle 
displacement zone (shear zone) are different. In the undisturbed sample, the volume 
dilation zone is always larger than the zone of intensive particle displacement. On 
the other hand, in the pre-sheared sample, the dilation zone is less susceptible as the 
shear zone to torsional shear when the interface roughness is large. 
• From the distributions of particle rotation in the compared simulations, the frustration 
of particle rolling is more widely observed in the remolded sample than the intact 
one, which is in accordance with the larger magnitude of volume change in the shear 
zone of the pseudo 3D model. 
• Finally, a conceptual illustration of reconstructing spatial interface response to the 
torsional shear loading of MFA from a series of pseudo 3D simulations is presented. 
It is shown that all the above analytic techniques are applicable to the analyses of 
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shear behavior in higher dimensions. In addition, brief discussions on building failure 




CHAPTER 7. RESULTS OF INITIAL 3D DEM SIMULATIONS OF 
AXISYMMETRIC INTERFACE SHEAR TESTS 
7.1 Introduction 
As explained earlier in this thesis, 3D DEM modeling requires much longer 
calculation time than a corresponding 2D simulation on the same problem because of the 
additional dimension and the increased particle population. However, 3D models share the 
same dimensions of real-world laboratory tests, which facilitate the understanding of 
spatial particle interactions that is absent in 2D simulations. This chapter presents a series 
of numerical simulations that utilize the 3D discrete element modeling (DEM) technique 
and compares them with laboratory axial and torsional axisymmetric interface shear tests. 
The difference observed in macro- and meso-scale response, such as shear strength, 
volumetric change, and shear zone characteristics are evaluated. In addition, response at 
microscale including particle displacement trajectory, particles rotation, and local void 
ratio evolution are assessed allowing for links to the results obtained at larger spatial scales. 
These 3D numerical studies expand the micromechanical processes at interfaces previously 
proposed by Martinez (2015) from 2D to 3D space. 
7.2 Model setup 
As mentioned earlier in Chapter 4, in conventional DEM simulations, soil grains are 
usually simplified as spherical particles for the sake of computation concerns. Without the 
shape effects, particle rotation is barely constrained. As a result, the mechanical response 
of the simulated specimens can largely deviate from the realistic reactions. In this chapter, 
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the virtual soil samples were assembled with spherical particles and applied a rolling 
resistance linear model to the contacts with coefficients inherited from the parametric 
studies described in 4.6.  
 
Figure 7.1: The setup of the axisymmetric axial shear test. 
The schematic of the 3D model is exhibited in Figure 7.1. The body of the device is 
composed of a cylindrical chamber and a two-piece smooth rod connected by a customized 
sleeve. The chamber wall provides a constant 50 kPa lateral confining pressure to the soil 
sample via a modified servo control mechanism. Fixed flat walls close the chamber from 
top and bottom such that a BC4 boundary condition is established. At the center axis of the 
chamber, the assembled rod-textured sleeve module is in position. The soil specimen is 
then generated with predetermined density to simulate a “perfect insertion” scenario. The 
simulation of axial interface shear test was conducted by shearing the textured sleeve 
module vertically at a constant speed for a total 24 mm displacement. Similarly, the 
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torsional shear simulation is performed by rotating the sleeves in the clockwise direction 
for an angle of 31.5°, which is equivalent to a 24 mm linear displacement at the surface of 
the textured sleeve. The parameters adopted in the axisymmetric shear tests and the initial 
state of sand specimens are summarized in Table 7.1 and Table 7.2. 
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7.2.1 Macroscale Response 
Stress-displacement response 
Figure 7.2 shows the stress-displacement response of the simulated Ottawa 20-30 
specimens sheared against textured sleeves of maximum surface roughness 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 equals to 
0, 0.5, 1, and 2 mm. In the figure, the interface shear strength is evaluated by the stress 
ratio calculated using the stress on the sleeve normalized with the lateral confining pressure 
applied to the specimen. For both shearing directions, similarities of the curves are 
observed: the interface shear tests conducted on smooth sleeves yield the smallest peak and 
residual interface strength and the values are almost invariant of shearing direction. It is 
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also clear that as the surface roughness increases, the mobilized interface strength as well 
as the required shear displacement to mobilize the peak strength increases.  
 
Figure 7.2:  The stress-displacement response for the interfaces of different roughness 
under (a) axial and (b) torsional shear loading. 
Comparing Figure 7.2a and b, the most apparent difference is the curve shape: The 
curves obtained from torsional shear tests are more variable than those of axial tests. More 
interestingly, in the torsional shear simulations, deep plunges of interface shear strength 
were observed when the frictional sleeves are sheared for about 8 and 21 mm. The 
difference between these two shear displacements (13 mm) is roughly equivalent to the 
distance between two consecutive columns of textures on the sleeve surface (12.5 mm). 
The enlarged particle size was considered to be the cause of the strength degradation: when 
large particles roll over the textured elements, they fall into the “ditches” between 
diamond-shape textures resulting in the breakage of the strong force chains on the sleeve 
textures. Moreover, as shown in Figure 7.2a, in axial shear simulations, slight strain-













































residual strength mobilized on each frictional sleeve in the torsional shear test simulations 
is more prominent, and the margin increases with the surface roughness of the sleeve.  
 
Figure 7.3:  Peak and residual shear stress ratio as a function of surface roughness for 
both axial and torsional shear test simulations. 
Peak and residual shear stress ratios of the curves shown in Figure 7.2 are plotted in 
Figure 7.3 against the interface roughness. When shearing the simulated soil specimens 
against a smooth sleeve, peak and residual strength is almost identical and irrelevant to the 
shearing direction. As surface roughness increases, the difference between peak and 
residual stress ratios becomes larger, especially in the simulations of torsional shear test. 
Furthermore, the peak stress mobilized by the torsional shear motion is always larger than 
the peak resistance in the axial shear, while the torsional residual shear strength is slightly 
lower than the axial strength. These trends indicate that the textured sleeves simulated have 
higher resistance to torsional shear motion than axial motion. However, residual resistance 
to both shear motions is comparable since the residual strength only reflects the properties 
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Figure 7.4:  The magnitude of strain softening obtained in the simulations of shear test on 
Ottawa 20-30 sand. 
Figure 7.4 shows the strain softening effect as a function of interface roughness in 
the simulations of axisymmetric shear tests under axial and torsional shear loading. For 
both curves, the magnitude of strain softening (in terms of stress ratio) increases roughly 
linearly as the surface roughness of the sleeve increases to 1 mm. Then the strain softening 
behavior either plateaus in the axial shear test or increases slower with the increasing of 
the surface roughness. These results indicate that when the interface is below a critical 
roughness (𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 = 1𝑅𝑅𝑅𝑅), the interface behavior is governed by both the soil particles 
and the sleeve surface. In contrast, shearing the soil specimen against a coarser sleeve does 
not cause larger stress reduction such that the excessive roughness above the critical 
quantity has no influence on the interface response. These findings agree with the classical 
bi-linear interface strength-roughness relationship as well as the results obtained from 
laboratory axisymmetric shear tests (Martinez 2015). In addition, the magnitude of strain 
softening in the simulations of torsional shear test is consistently larger than the quantity 
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results from higher degree of volume dilation during the torsional shear test. This 
hypothesis has been proved by Martinez (2015) with laboratory axisymmetric shear tests 
and in later sections of this chapter, the volume change in the DEM simulations will be 
evaluated.  
In this chapter, the results of simulations with a textured sleeve of 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 = 1𝑅𝑅𝑅𝑅 will 
mainly be described. Presented in Figure 7.5, the stress-strain response at the particulate-
continuum interface obtained from numerical simulations matches well with the laboratory 
results. However, the simulation results are more volatile because of the enlarged particle 
size. 
 
Figure 7.5: Comparisons of laboratory and simulation results of shear tests with the 
sleeve of 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 = 1𝑅𝑅𝑅𝑅. 
Volumetric strain 
Figure 7.6 presents the changes in the volumetric strain as a function of the sleeve 
displacement in the simulations of axial and torsional shear tests. The volume change of 








































sliding is the dominant shear mechanism at the interface. All the specimens sheared against 
textured sleeves underwent volume expansion during the simulation, and the coarser the 
sleeve is, the more dilative the specimen behaves. However, in the torsional shear tests, 
abrupt drops in specimen volume were observed when the sleeve displacement is in the 
range between 9 mm and 21 mm. This phenomenon is in accordance with the recession of 
interface strength shown earlier in Figure 7.2b. It suggests that as soon as the particles close 
to the sleeve rolled over the textures and fall into the “ditches”, the constant confining 
pressure serves as the resistance to volume expansion—it drove peripheral particles back  
 
Figure 7.6: Volume change versus shear displacement for (a) axial and (b) torsional shear 
simulations. 
to the surface of the textured sleeve. As a result, the specimen shrunk. In contrast, the 
volumetric contraction of the specimen in the axial shear simulation was not as obvious. 
This is attributed to the configuration of the texturing patterns on the sleeve (Figure 4.14a): 
The untextured passthrough area provides flow paths around the asperities for the 
contacting particles and prevents clogging the texture when shearing the sleeve against soil 











































Contact number on the sleeve 
 
Figure 7.7: Number of contacts on textured sleeves during (a) axial and (b) torsional 
shear simulations. 
Another important macroscale parameter is the number of contacts on the sleeve 
since it highly correlates with the measurement stability. In Figure 7.7, all the sleeves were 
contacting with at least 150 particles during simulation, which provides the stability of the 
measures that are calculated with contact information such as the shear resistance. The 
contact number on the sleeve also links with the void ratio in the vicinity of the frictional 
sleeve. Starting from the initial state, the contact number on the sleeve always decreases 
dramatically within 5 mm shear displacement. At the same stage of simulation, the highest 
dilation rate (Figure 7.6) and peak interfacial shear strength (Figure 7.2) are mobilized. In 
addition, benefiting from the protruding elements added on the sleeve surface, the surface 
area increases with the height of the asperities. As a result, sleeves with taller asperities 
always had more particles in contact during the tests. The number of contacts plateaued 
after the displacement of 5 mm in the axial shear tests but continued to decrease in the 
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direction: The sleeves always sheared against undisturbed particles in the axial direction 
while the sleeves in the torsional tests sheared against the same volume of specimen that 
was previously pre-sheared. 
 
Figure 7.8: The measurement scheme of local void ratio. 
7.2.2 Mesoscale Response 
Shear zone detection 
To understand the cause of the difference in macroscale response between axial and 
torsional shear tests, investigations at smaller scales are needed. Measurements of local 
void ratio have been used to characterize the shear zone, for the fact that volume expansion 
always comes with shear failure. Hence, the volume of specimen that undergoes obvious 
increase in void ratio defines the shear zone. Figure 7.8 illustrates the moving average 
technique adopted in the simulation to extract local void ratio in the specimen. The shape 









sequence of measurements as a function of distance to the sleeve surface was obtained by 
gradually expanding the radius of the cylindrical zone while keeping its thickness constant. 
 
Figure 7.9: The changes of local void ratio near the textured sleeve (𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 = 1𝑅𝑅𝑅𝑅) in the 
axial and torsional shear tests and corresponding 3D simulations. 
Figure 7.9 presents the comparisons of void ratio distributions near the textured 
sleeve of 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 = 1𝑅𝑅𝑅𝑅 in laboratory tests and corresponding 3D DEM simulations under 
axial or torsional shear. In all physical and numerical tests, void ratio measurements near 
the textured sleeve are prominently larger than the initial state 𝑒𝑒𝑖𝑖𝑛𝑛𝑖𝑖𝑡𝑡𝑖𝑖𝑎𝑎𝑏𝑏= 0.6. Represented 
by the vertical dashed lines, the boundaries of the shear zones are determined by the extents 
of the volume dilation zones. The results show that the shear zones in the laboratory tests 
(5 mm) are much smaller than the ones in the simulations (12 mm), which is also due to 
the effects of particle size scaling mentioned in the last section. To seek for a rule of thumb 
for estimating shear zone thickness, shown in Figure 7.10, Hebeler et al. (2016) 
summarized the relationship between the shear zone thickness (normalized with 𝐷𝐷50) and 
mean particle size (Hebeler et al. 2016). A well-defined bi-linear relationship was observed 
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zone decreases monotonically. On the other hand, samples composed of larger particles 
tend to have similar shear zones in terms of the normalized thickness. The result of the 
numerical simulations performed in this study is highlighted on the plot and it is shown to 
be coherent with the bi-linear relationship. 
 
Figure 7.10:  The bi-linear relationship between the shear zone thickness and the mean 
particle size (Modified from Hebeler et al. 2016). 
Figure 7.9 also shows void ratio reduction immediately outside the expansion zones 
in the laboratory experiments. The specimen in the torsional shear test behaved more 
contractive outside the shear zone. However, these findings were not observed in the 
numerical simulations, which is again attributed to the large particle size adopted in the 
simulations. The particle expansion makes the numerical models insensitive to local 







7.2.3 Microscale Response 
Particle displacement 
Figure 7.11 and 7.12 show the particle displacement fields in logarithm scale at 
different stages of axial and torsional shear simulations with textured sleeves of surface 
roughness ranging from 0.5 mm to 2 mm. For better visualization, particle displacements 
on a vertical and a horizontal plane cutting through a column or a row of diamond-shape 
textures on the sleeves were extracted respectively. Note that the particle displacements 
were initialized to zeroes at the beginning of each simulation, and the unit of the scale is 
meter. 
 
Figure 7.11:  The particle displacement field at different stages of axial shear tests with 








Figure 7.12: The particle displacement field at different stages of torsional shear tests 
with sleeves of (a) 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 = 0.5 𝑅𝑅𝑅𝑅, (b) 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 = 1 𝑅𝑅𝑅𝑅, and (c) 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 = 2 𝑅𝑅𝑅𝑅. 
In the simulation of axial shear tests, the particles close to the sleeve were displaced 
not only vertically along with the movement of the sleeve, but also laterally into the sample. 
As the sleeve advances downward, the volume of highly disturbed particles around the 
frictional sleeve and even ahead of it in the shearing direction becomes larger and forms a 
“pear” shaped zone. In the end the simulation of axial shear test with the textured sleeve of 
𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 = 1 𝑅𝑅𝑅𝑅, the highest particle displacements occurred within 3 mm (equivalent to one 
𝐷𝐷50) laterally away from the sleeve on the path of shearing.  The impact of the force 
transferred from the textured sleeve extends to just inside the boundary of the cylindrical 
chamber, where the particle displacement is on the order of 0.1 mm. With the same shear 
displacement, the coarser sleeve surface triggers larger impact in the sand specimen in 







A similar development of particle displacement is observed in the simulations of torsional 
shear test which is shown in Figure 7.12. 
Particle displacement trajectory 
It is postulated that the different mesoscale response shown in Figure 7.9 owes to the 
distinct patterns of force transfer when the interface is subject to shear of different 
directions. By decomposing the force on the sleeve into friction and passive resistance 
components, DeJong (2001), Hebeler et al. (2004), and Martinez (2015) were able to 
propose the mechanisms of particle-sleeve interactions under axial or torsional shear 
loadings. Figure 7.13 shows the mechanisms: In the axial shear test, load is mostly 
transferred from the friction sleeve to the soil mass in the vertical direction, resulting in 
particles in the shear zone being displaced along the shearing direction and causing only 
modest changes in void ratio outside the shear zone. On the other hand, during torsional 
shear, the particles were not only displaced in the radial direction, but also along the 
tangential direction of the rotation.  
 
Figure 7.13: Micro-mechanisms of particle displacements (Martinez 2015). 
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These patterns of particle movements were validated in the DEM simulations by 
tracking the centroids of particles in the shear zones. Shown in Figure 7.14, in the axial 
shear simulation, particles were mainly displaced downward in a narrow band along the 
shear direction. On the other hand, in conformity to the proposed mechanism, under 
torsional shear loading, the particles in the shear zone were not only displaced along the 
tangential direction of the rotation, but also in a centrifugal direction from the axis of the 
sleeve. These particle movements show different interactions at interfaces and are 
considered to be the cause of the difference observed in macro- and meso-scale behavior 
mentioned previously in this chapter. 
 
Figure 7.14: displacement trajectories of particles in the shear zones subjected to (a) axial 
and (b) rotational shear. 
Particle rotation 
Another informative measurement in microscale is the particle rotation during 
shearing, because it correlates with the rotation “frustration”—rolling incompatibility of 
contacting bodies—which is considered the main source of volume change under shear 
































































describe the orientation of a rigid body with respect to global 3D coordinates. Figure 7.15 
visualizes the variations of particle rotation in the planar cutting planes across the center of 
either a column or a row of sleeve asperities depending on the shearing direction. Taking 
the simulations with the textured sleeve of 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 = 1 𝑅𝑅𝑅𝑅, similar developments were 
observed when the sand specimens are subject to axial and torsional shear loadings: At the 
beginning of the shearing phase, particles in a thin zone close to the sleeve rotated less than 
6°. However, the torsional shear triggered more particles to rotate than the axial shear at 
the beginning of the simulations. When peak strength was established on the sleeves during 
shearing, the zones of intensive particle rolling expands further toward the boundaries of 
the chambers. Especially in the axial shear simulation, the rolling-intensive zone extends 
even ahead of the sleeve in the shearing direction which is due to the passive resistance 
developed on the textured elements on the surface of the sleeve. Finally, at the residual 
stage, the zone of intensive rotation (red area) was expanded to about 12 mm away from 
the textured sleeve in the lateral direction which is in line with the size of the shear zone 
detected in Figure 7.9. In the study of 2D DEM simulations, such correspondence between 




Figure 7.15: Particle rotation field in axial shear tests with sleeves of (a) 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 =
0.5 𝑅𝑅𝑅𝑅, (b) 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 = 1 𝑅𝑅𝑅𝑅, and (c) 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 = 2 𝑅𝑅𝑅𝑅; and in torsional shear tests with 















The distributions of particle rotation in axial and torsional shear tests with textured 
sleeve of 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 = 1 𝑅𝑅𝑅𝑅 were compared and are shown in Figure 7.16. Note that albeit the 
largest particle rotation is 227°, the diagram was truncated at Euler angle of 35° since large 
particle rotation is rare. The plot indicates that 75% of particles rotated less than 1° during 
the axial shearing while 53% the granular grains underwent no more than 1° rotation in the 
torsional shear test. However, more particles underwent larger rotation in the torsional 
shear test than axial shear test, thus more energy is transferred from the sleeve into the soil 
specimen and it is reflected as the larger torsional shear resistance shown in Figure 7.2.  
 
Figure 7.16: The comparison of particle rotations between axial and torsional shear tests 
with the sleeve of 𝑅𝑅𝑚𝑚𝑎𝑎𝑥𝑥 = 1 𝑅𝑅𝑅𝑅. 
7.3 Conclusions and Observations 
This chapter summarizes the results of the interface shear behavior in axisymmetric 
axial and torsional shear tests via the assist of 3D DEM simulations. These initial 3D 
numerical models expand the micromechanical processes under different shearing 
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conditions presented earlier in the thesis from 2D to 3D space. At three different scales—
macro-, meso-, and micro-scales—this chapter presents the difference of interface shear 
response resulted from axial and torsional shear loadings. From stress-strain curve, 
volumetric change, and shear zone characterization to particle-level displacement and 
rotation, we build the links between macroscale response and microscale behavior. Some 
conclusions and observations summarize these findings: 
• In both simulations of axial and torsional shear tests, peak and residual interface 
strength increases with the surface roughness of the textured sleeve.  
• In both simulations, the degree of strain softening increases as the roughness of the 
sleeve increases. When the maximum roughness of the sleeve is larger than 1 mm, 
the change of texture height is almost independent with the strain softening. 
• Comparing to axial shearing, the torsional loading on the textured sleeve always 
mobilizes larger peak strength but lower residual strength resulting in more 
prominent strain softening.  
• The volume dilation caused by torsional shearing reaches a steady state as soon as 
the particles close to the sleeve are fully disturbed. In contrast, the specimens in axial 
shear tests are dilative at all shear displacements because the sleeve always shear 
against undisturbed soil particle.  
• The study on shear zone detection shows that in torsional shear tests, the shear zone 
thickness is slightly smaller than that measured in axial shear simulations. However, 
during the torsional shearing, the specimen behaves more dilative in the shear zone. 
Volume contraction observed outside the shear zone in laboratory tests was not 
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obvious in the numerical simulations, which is possibly attributed to the large particle 
size adopted in the initial 3D models.  
• It is shown that larger particle displacements were induced by torsional shear. In the 
simulations of axial shear tests, particles were displaced before the textured sleeve 
reaching the depth of the particles which is a direct proof of the passive resistance 
force developed on the textured elements of the sleeve.  
• The trajectories of particles in the shear zone validate the micro-mechanism proposed 
by Martinez (2015): In axial shear tests, particles in the shear zone migrate mainly 
vertically along the shear direction. On the other hand, particles were displaced in a 
direction that can be decomposed into a centrifugal direction and a tangential 
direction of the rotation. 
• The particle rotation maps and the histogram of particle rotation indicate that larger 
number of particles were disturbed during the simulation of the axisymmetric 
torsional shear test. In addition, 75% of particles were barely rotated in the axial 
shear tests while particles in the torsional shear tests underwent larger degree of 
rotation.  
• Since both axial and torsional shearing can be applied to the sleeve in this model, 
simulations with simultaneous axial and torsional shear loading can be used to 




CHAPTER 8. CONCLUSIONS AND RECOMMENDATIONS 
This dissertation has presented findings of a study on the shear behavior of 
continuum-particulate interfaces on which most geotechnical systems are dependent. The 
scope of the current research includes three major sub-topics: 1) Design and develop a new 
method to determine the angle of repose of sands with improved accuracy. The influence 
of the properties of the depositional base-sand grain interface on the angle of repose was 
also investigated, and with which a shape parameter in the contact model adopted in the 
subsequent DEM simulations was calibrated. 2) Develop 2D DEM models for the 
penetration of the multi-friction attachment (MFA) in-situ module subjected to both axial 
and torsional loadings. In addition, by utilizing a series of 2D simulation results, a pseudo 
3D structure reconstruction technique was proposed. 3) Develop 3D DEM models for the 
axisymmetric axial and torsional shear tests and expand the findings observed in previous 
2D models to 3D domain. The major conclusions and recommendations of future work are 
summarized in this chapter. 
8.1. Conclusions 
8.1.1. Angle of Repose Test and the Calibration of the Rolling Resistance Coefficient 
In chapter 3, a new testing method to determine angle of repose of sands was 
developed to substitute the ASTM standard C1444 that was retracted because of the poor 
testing control. The tests were performed by heaping homogeneous or heterogeneous sand 
specimens containing layers of dyed sand with alternate colors onto a depositional base 
with controlled surface roughness. A measurement procedure for angle of repose utilizing 
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digital image processing was proposed. In addition, the post-test deformations of the 
colored sand layers were preserved by activating the powdered phenolic resin mixed in the 
sand samples. Since the resin powder provides weak cementation between particles, 
specimens were dissected from the center allowing further digital image processing. The 
main findings are summarized in the following paragraphs: 
• This test has a similar configuration that a granular mass is suddenly released on a 
horizontal surface as in a cliff collapse. The angle of repose of soils obtained from 
this test can be used to evaluate the safety of slopes since the failure mechanism is 
similar to the rock avalanches or debris flows. In addition, it has advantages over 
classic laboratory experiments such as direct shear test in which shear plane is 
artificially created, and triaxial test in which boundary effects such near the platens 
and membrane cannot be avoided.  
• The results have shown that the angle of repose obtained with a slow lifting speed 
(≤ 20 𝑅𝑅𝑅𝑅/𝑓𝑓) has good agreement with the critical state friction angle obtained from 
classic laboratory tests. 
• The lifting speed applied to the cylindrical container prominently affects the shape 
of the sand heap and the angle of repose. A bi-linear relationship between the lifting 
velocity and the angle of repose is observed. When the lifting velocity is smaller than 
70 𝑅𝑅𝑅𝑅/𝑓𝑓, the angle of repose decreases dramatically with an increase of the raising 
speed. The core of the sand heap was barely deformed while the sand near the 
perimeter avalanched and formed parallel slanted surfaces at the toe. Regarding to 
the studies on dry granular flow, the sand flow is in the “quasi-static” regime. In this 
regime, the surface of the sand heap is convex. In contrast, when the raising speed is 
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beyond 70 𝑅𝑅𝑅𝑅/𝑓𝑓, the loading speed has less impact on the angle of repose. the flow 
of the sand particles is fully dynamic, and the sand behaves like a fluid. Referred to 
as the “grain inertia” regime of dry granular flow, the surfaces of the produced 
sandpiles in this regime are always concave.  
• The configurations of CPT and the proposed angle of repose tests are very similar. 
When the lifting speed is slow, the flow patterns of the soil around the cone tip should 
be similar to the specimens in the angle of repose tests, since the vertex angle of the 
cone is close to that of the triangular steady zone observed at the core of the sand 
heaps. However, when the lifting speed is high, the vertex angle of the triangular 
zone is an obtuse angle. As a result, a more obvious difference in flow patterns is 
expected when the penetration rate or lifting speed is large.  
• The surface roughness of the depositional base and the angularity of the sand 
particles also have great impact on the measurement of angle of repose. The 
increasing surface roughness and particle angularity results in higher angle of repose 
because of the larger resistance to the lateral movement of the sand grains on the base 
plate. 
• In contrast, the changes in the initial relative density and particle size marginally 
affects the shape of the sand heap, albeit an exception was observed when the 
specimen was compacted to 𝐷𝐷𝑟𝑟 = 75% and loaded at a speed of 100 𝑅𝑅𝑅𝑅/𝑓𝑓 in the 
series of tests. The sand layers in the specimen also has a unique deformation pattern.  
• By examining the flow patterns of specimens consisting of alternate layers of 
different types of sands, it was further confirmed that the interface between the 
bottom sand layer and the base plate plays a paramount role on the heap formation. 
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The layered sand system and a homogeneous specimen composed of the same sand 
as deposited on the bottom have similar deformation patterns. In addition, the repose 
angle of the layered sand system falls between the values gained from homogeneous 
specimens that consist of merely one sand. 
• A preliminary 3D DEM model for the angle of repose test was developed. The 
simulation results showed good agreement with the findings of laboratory tests. In 
addition, microscale response and energy dissipation show the mechanisms behind 
the distinct displacement patterns observed in the tests with varied lifting speed. 
8.1.2. Pseudo 3D simulations of MFA penetration tests 
Chapter 5 introduced a large scale 2D model for MFA penetration chamber test. The 
effects of penetration disturbance on the axial interface shear behavior were evaluated. 
Chapter 6 proposed a 2D model for MFA torsional shear test which was initialized with 
the soil condition extracted from the 2D model described in chapter 5 after penetrating the 
textured sleeve to a certain depth. By alternately running these two models with the updated 
soil states extracted from the end of previous model, spatial interface response subjected 
to axial and torsional shearing with penetration disturbance can be reconstructed in a 
pseudo 3D domain. The key findings are presented as follows: 
• Compared to the conventional smooth sleeve penetrometer, a higher degree of 
interface interaction between a textured sleeve and a soil mass was validated through 
multiscale response: Larger mobilized shear strength, higher degree of principle 
stress rotation, and larger void ratio changes were observed in the vicinity of the 
textured sleeve. In addition, the patterns of particle velocity field and rotation field 
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not only strengthen the argument of high interface interaction on the rough surface, 
but also provide insights of different failure envelops at different penetration stages. 
• The particle rotation paths at multiple locations in the sample suggest that a larger 
influence range and a higher degree of rotation were taking place when a textured 
sleeve sheared against the soil. Moreover, particles started to rotate and sense the 
influence of penetration before the penetrometer reached the measured depths. 
Furthermore, greater penetration was needed to fully mobilize the particle rotation in 
the penetration simulation with the textured sleeve. 
• Although the particle displacement was dominated by the penetrometer insertion, 
with the configuration of the MFA module, the penetration disturbance did not 
conceal the effects of interface roughness on particle movements. Like the dilative 
behavior observed in the axisymmetric shear tests, soil dilation is also observed close 
to the penetrometer in the simulation. The contraction zone was also clearly evident. 
However, the enlarged particles in the simulation induced more noise in the void 
ratio measurements. With proper adjustments on the cone tip insertion, the shear zone 
characterization is as accurate as that obtained from axisymmetric tests.  
• A brief comparison between CPT and KSB modules in terms of the development of 
particle displacements during the penetration has shown the ability of the current 
numerical model to evaluate insertion disturbance of in-situ penetrometers.  
• Except for the lower dimensionality, another advantage of the pseudo 3D model is 
that the simulations can be readily divided and distributed to different computer 
nodes. Thus, as soon as a 2D penetrometer insertion simulation is performed, a series 
of pseudo 3D simulations can be initialized and run in parallel on different computers. 
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As a result, a runtime equivalent to merely a 2D torsional shear test is needed. 
However, the total time to reconstruct spatial results from these pseudo 3D 
measurements also includes stitching and visualization. 
• The current pseudo 3D model is initialized with soil conditions extracted from the 
2D penetrometer insertion model, then torsional loading is applied to the 
penetrometer. With this approach, the influence of axial pre-shearing on subsequent 
torsional shearing mode was evaluated in this study. However, penetrometer 
insertion is a continuous process, the torsional shearing on the other hand can 
influence the axial shear response in the next penetration interval. Thus, to be more 
precise, the soil conditions of the 2D penetrometer insertion model should also be 
adjusted according to the impact of the previous torsional shearing. 
• The measured global torsional shear stress on the textured sleeve sheared against the 
disturbed specimen is always smaller than that in the simulation without cone 
disturbance. The difference is attributed to the looser soil structure created by the 
intrusion of the penetrometer because apparent contractive volumetric changes were 
observed at the beginning of pseudo 3D simulations which are usually negligible in 
2D axisymmetric shear tests on undisturbed specimens. 
• The estimation of passive resistance on the texturing patterns of the sleeve was 
marginally affected by the cone penetration disturbance when using the residual 
stress on diamond elements as a guideline for geotechnical engineering design. 
• Stress paths in the shear zone of the pseudo 3D simulations show dramatic loading 
and unloading process during torsional shear, while smaller extent of loading and 
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unloading in the simulations of undisturbed samples was observed. Hence, the pre-
sheared specimen was more susceptible to the torsional shear loading. 
• The measurements in the changes of local porosity suggest that the dilation zone 
induced by the torsional shear in the pre-sheared sample has a smaller size than that 
in the intact specimen. In contrast, the extent of the contraction zone immediately 
outside the dilation zone in the pseudo 3D model is larger. These phenomena were 
all due to the breakage of the looser structure close to the sleeve in the pre-sheared 
specimen during torsional shear loading, which makes the specimen easy to be 
compressed. 
• A conceptual illustration of reconstructing spatial response to the torsional shear 
loading of MFA from a series of pseudo 3D simulations were presented. It is proved 
that all the analytic techniques introduced in chapter 6 are applicable to the analyses 
of shear behavior in higher dimensions. In addition, brief discussions on building 
failure planes and calculating interface friction angles were provided. 
8.1.3. Initial 3D DEM Simulations of Axisymmetric Interface Shear Tests 
Chapter 7 expands the studies presented in previous chapters of this thesis to a 3D 
domain. The primary conclusions from the results of this sub-topic are summarized below: 
• Since both axial and torsional shearing can be applied to the sleeve in this model, 
simulations with simultaneous axial and torsional shear loading can be used to 
evaluate the pile installation and performance of textured piles. 
• In both simulations of axial and torsional shear tests, peak and residual interface 
strengths increase with the surface roughness of the textured sleeve. Comparing to 
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axial shearing, the torsional loading on the textured sleeve always mobilizes larger 
peak strength but lower residual strength resulting in more prominent strain softening.  
• Torsional shear motion is shown to be more dilative than axial shear motion in the 
shear zone. The volume dilation caused by torsional shearing reaches a steady state 
as soon as the particles close to the sleeve are fully sheared. In contrast, the specimens 
in axial shear tests are dilative at all shear displacements because the sleeve always 
shear against undisturbed soil particle.  
• It is shown that larger particle displacements were induced by torsional shear motion 
than axial shearing. In the simulations of axial shear tests, particles were displaced 
before the textured sleeve reaching the depth of the particles which is a direct proof 
of the passive resistance force developed on the textured elements of the sleeve.  
• The trajectories of particles in the shear zone validate the micro-mechanism proposed 
by Martinez (2015): In axial shear tests, particles in the shear zone migrate mainly 
vertically along the shear direction. On the other hand, particles were displaced in a 
direction that can be decomposed into the torsional shear direction and a centrifugal 
direction. 
8.2. Recommendations for Future Research 
Along with the aforementioned findings and observations that have been made in 
this thesis, some limitations and challenges emerged in the study and form the basis for 
future continued studies. Thoughts and possible improvements that can facilitate the 
current study are summarized as below: 
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• In terms of the angle of repose test, specimens of different sizes should be tested 
since Lajeunesse et al. (2004) have reported that the flow regime of tested sand was 
governed by the initial aspect ratio of the specimen. Moreover, a quantitative study 
on the relationship between the interface roughness and the angle of repose should 
be conducted since the impact of the surface roughness of the substrate was only 
studied qualitatively in this research. Finally, a semi-empirical equation to determine 
angle of repose of sands based on the properties of the interface and the testing 
procedures would greatly ease the design of geotechnical systems that rely on the 
angle of repose.  
• A triangular zone at the core of the sand heap is always observed in the angle of 
repose tests. Under different testing conditions, the size of the zone changes. In order 
to trigger the granular flow of such zone, a cone-shaped surface can be placed under 
the specimen before triggering the flow. This testing configuration forces all the 
particles flow on the cone surface, as a result, measurements related to the properties 
of particles and particle-cone interfaces can be studied. In addition, the modified 
testing setup is similar to a CPT if we turn the view upside down. Thus, connections 
between the measurements obtained from CPT and the modified angle of repose tests 
can be made. 
• The initial 3D DEM model for the angle of repose test in this research mainly serves 
as a calibration tool to determine the rolling resistance coefficient adopted in the 
contact model of following DEM simulations. Although the simulation results show 
some good agreement with the laboratory test, a model with smaller particles should 
facilitate understanding the mechanisms of the granular flow in the test.  
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• The current study provides a framework and procedure to reconstruct the spatial 
response at the MFA-particle interface that is subject to penetration disturbance and 
different loading directions. More torsional shear tests initialized with the soil 
conditions extracted at depths of small interval from the 2D MFA penetration model 
should be performed in order to render a pseudo 3D structure with decent resolution. 
• To improve the MFA penetration model, heterogeneous soil specimens should be 
tested since the testing sites are always not homogeneous in the field. With different 
soil stratification, the studies on the behavior not only at continuum-particulate 
interfaces, but also the boundaries of soil layers would further aid the soil 
characterization and geotechnical designs.  
• Instead of insertion, simulations of pull-out tests can be performed. This model will 
benefit the design of structures that resist tensile loads such soil nails and tiebacks. 
• The 3D DEM axisymmetric model can be used to study interface shear response 
subjected to a resultant of axial and torsional shear. This loading condition resembles 
the installation of helical piles which facilitate the insertion of the piles. Therefore, 
fully understanding the mechanism of this coupled shear loading could assist the 
development of a new generation of in-situ tools. 
• The DEM models proposed in this research did not take water into account. However, 
the problems we encountered in the real world are mostly under wet or even saturated 
conditions. Thus, adding a computational fluid dynamics (CFD) component could 
bring more practicability to the current models. The influence of porewater pressure 
on the penetrometer insertion as well as interface shear can be evaluated. In addition, 
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fluid flow/seepage and fine particle migration may also play critical roles in these 
problems.  
• The results of principal stress rotation and contact force chain have shown that high 
stress is concentrated near the cone tip and around the textured sleeves during the 
penetrometer insertion. Crushing of sand particles occurs when such stress exceeds 
the strength of these particles. Because of the breakage of the particles near the 
penetrometer, tip resistance, sleeve friction, and volume change are affected. Thus, 
comparing to the current models simulated with unbreakable granular material, 
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